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Abstract
Impact cratering is ubiquitous, energetic and fundamental geologic process acting
on the solid planetary bodies. As a consequence, craters provide planetary scientists with
useful information regarding the surface and subsurface properties of planetary bodies.
Specific mineral and lithologic compositions can be ascertained via craters in two ways:
1) by the remote sensing of crater-exposed subsurface materials, or 2) by studying the
differentiated meteorites (e.g., lunar, Martian, etc.) ejected from their surfaces by highenergy impacts under specific conditions. As a proof of concept for subsurface-crater
mapping, remote sensing techniques were applied to a terrestrial impact structure.
Visible-near infrared (VNIR), short-wavelength infrared (SWIR), and thermal infrared
(TIR) data were used to map the subsurface geology of a portion of Devon Island (High
Canadian Arctic) via the impact-exposed subsurface lithologies of the 23-kilometer
diameter Haughton impact structure. The results from the “blind” remote sensing of
Haughton suggest that the spectral and lithologic mapping techniques used in this study
can also be used to understand subsurface geology of Mars. TIR images from Thermal
Emission Imaging System (THEMIS) onboard Mars Odyssey were used in a similar
fashion to spectrally map craters within the Isidis basin on Mars.

Complementary

hyperspectral information from the Thermal Emission Spectrometer (TES) allowed
mineral and litho-type compositional determinations, albeit at a much lower spatial
resolution. An olivine-rich basaltic unit mapped at the surface and was linked with a
subsurface occurrence via exposure from impact craters occurring within the basin.
These two studies (Chapters 2 and 3) demonstrate that, in conjunction with surface
mapping, impact craters provide a natural “window” for understanding the stratigraphy
and petrogenesis of planetary crusts. In another project presented here (Chapter 4), rayed
crater systems on Mars, which are preferentially found on the younger lava plains, has led
to the hypothesis that rayed craters may have been the launch sites for the Martian
meteorites recovered on Earth.

This hypothesis is supported by morphologic and

thermophysical evidence, as well as the most current modeling of Martian meteorite
ejection.
v
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Part 1
Introduction

1

1.

Overview
Impact cratering is a ubiquitous geologic process, and has proven to be invaluable

in understanding the geologic nature and evolution of planetary surfaces. In general,
impact craters provide planetary scientists: 1) a means for quantitative and relative age
dating [e.g., Hartmann and Neukum, 2001; Hartmann, 2005], 2) information regarding
the material strength of target materials [e.g., Boyce et al., 2006], 3) natural “windows”
into the subsurface geology of planetary crusts [e.g., Tompkins and Pieters, 1999], and 4)
a means to sample materials by accelerating them to escape velocity and ejecting them
off a planetary surface, which in turn can be sampled as a fallen meteorite on Earth [e.g.,
Head et al. 2002; Artimeva and Ivanov, 2004]; with respect to Mars, impact craters also
provide: 5) information regarding ground-ice and volatile concentrations [e.g., Barlow
and Perez, 2003; Barlow, 2004], 6) traps for post-impact deposits [e.g., Schneider and
Hamilton, 2006] that may have recorded temporal changes within the Martian
environment, 7) a means to estimate Martian erosion and denudation rates (based on
crater geometry and morphometry) [e.g., Bleacher et al., 2003], and 8) possibly longlived hydrothermal sites capable of harboring thermophilic life forms [e.g., Abramov and
Kring, 2005].
This dissertation emphasizes and develops on the third and fourth items listed
above, although some of the other listed uses are considered and touched upon
throughout this manuscript. An overview of each chapter is provided below.

2.

Terrestrial Analog Study
The multispectral Thermal Emission Imaging System (THEMIS), onboard the

Mars Odyssey orbiter, is the first multispectral (10-band) instrument to achieve nearly
global coverage of the Martian surface in the thermal infrared (TIR) at 100 m/pixel
spatial scales. Previously, small-scale geologic features were not resolvable due to the
kilometer-scale spatial resolution of the preceding hyperspectral TIR instrument, the
Thermal Emission Spectrometer (TES).
Impact craters are capable of exposing shallow subsurface (e.g., on the order of
meters in depth) geologic materials uplifted or exposed in their crater rims, walls, and
2

slumped terraces in the form of bedrock, and as an excavated mixture of two or more
litho-types sampled within crater ejecta [e.g., Melosh, 1989]. Deeper-seated materials
(e.g., on the order of kilometers in depth) can be uplifted and exposed in a central uplift
feature, which can manifests as a single peak, peak pit, or within larger diameter
structures, a peak ring structure.

Because crater exposures are more common than

tectonic or non-crater related, large-scale bedrock exposures [e.g., Christensen et al.,
2003; Hoefen et al., 2003; Hamilton et al., 2003; Hamilton and Christensen, 2005;
Rogers et al., 2005], they can more readily be used to ascertain the vertical composition
and heterogeneity of the crust. These insights into the Martian crust can be used to
improve our understanding of crustal evolution, past climatic conditions and geologic
history. For example, primary igneous mineral and lithologic compositions can be used
to address questions related to crustal formation, magma differentiation and the bulk
composition of Mars, while sedimentary lithologies, believed to be common on Mars
(e.g., evaporates, volcano- and impacto-clastic), provide clues pertaining to past water
environments and weathering regimes that are no longer pervasive or currently at work
on present day Mars.
In anticipation of this higher resolution multispectral dataset from THEMIS, I
sought to test the ability of such an instrument to characterize (both spatially and
spectrally) subsurface geologic features as exposed by impact craters. To this end, I
selected a THEMIS-comparable orbiting instrument to study a sizable (>10 km)
terrestrial impact crater. The multispectral (5-band) thermal infrared (TIR) data from the
Advanced Spaceborne Thermal Emission and reflection Radiometer (ASTER), with a 90
m/pixel spatial resolution, is an excellent analog for THEMIS.

The 23-km, well-

preserved Haughton Impact Structure (HIS), was selected for study based on the crater’s
excellent state of preservation and its occurrence in a polar desert environment. The
excellent state of preservation and lack of vegetation and soil cover makes the HIS one of
the best exposed craters on Earth. These attributes have also made the HIS one of the
best mapped and most studied impact structures on Earth [e.g., Lee and Osinski, 2005].
The HIS has also been extensively sampled the Haughton-Mars Project (HMP) (see the
special issue of the Meteoritics and Planetary Science journal, issue 40, 2005, for the
3

most recent overview of the HMP). The collected hand samples, along with a detailed
geologic field map provided by Osinski et al. [2005], further augmented the value of the
HIS for this study, as they provided adequate ground-truth without having to physically
sample the crater with a field spectrometer. The detailed techniques, discussion and
results from this study are presented in the chapter following this overview chapter.
3.

Martian-Based Study
The second project (Chapter 3) presented in this dissertation study is an

application of the experience gained from our terrestrial study to Mars. Our approach
was to use the multi-spectral THEMIS instrument as a unit mapper. Then, for units that
were large enough, hyperspectral TES data were utilized to extract spectra from these
THEMIS-defined units. Because rocks can be modeled as simple linear mixtures of their
mineral constituents [e.g., Thomson and Salisbury, 1993], a linear deconvolution model
after Ramsey and Christensen [1999] was utilized to determine the approximate modal
mineral abundances and thereby lithologically characterize spectral units mapped by
THEMIS.

In addition to lithologic information, visible images, topographic data,

thermophysical data (i.e., albedo, and both quantitative and qualitative thermal inertia)
and estimates of excavation and uplift from crater scaling equations, were used to place
further constraints on the origin and provenance of these spectral/lithologic units.
The Isidis Basin, a 1100-km diameter impact basin, was selected for a close
examination using the techniques outlined above.

The Isidis Basin has gained

considerable interest as it was the selected landing site for the European Space Agency’s
Beagle 2 lander [Bridges et al., 2003] and was a possible candidate landing site for the
Mars Exploration Rovers (MERs) [Golombek et al., 2003; Christensen et al., 2005].
Isidis has attracted this interest because it possesses one of the highest and largest
contiguous thermal inertia (TI) units on Mars [Palluconi and Kieffer, 1981; Mellon et al.,
2000; Jakosky et al., 2000; Putzig et al., 2005; Jakosky et al., 2006], as well as the
presence of an olivine-rich unit mapped by TES and OMEGA [Hamilton et al., 2003;
Hoefen et al., 2003; Mustard et al., 2005] in proximity to the high TI unit. By combining
the information from crater-exposed spectral/lithologic information from THEMIS/TES
with crater scaling equations and other pertinent Martian datasets, we assess the origins
4

of the Isidis high TI unit and the TES-detected olivine-rich unit. The detailed techniques,
discussion and results from this study are presented in chapter 3.

4.

The Discovery of Additional Large Martian Rayed Crater Systems
In the third part (Chapter 4) of this dissertation study, we report on the discovery

of additional Martian rayed craters and the possible geologic implications of their
existence. A rayed crater is a crater that possesses long (10s to 100s of crater radii) radial
to sub-radial lineaments consisting of ejecta and secondary materials. Such craters were
once thought to not exist on planets with appreciable atmospheres such as Mars. The first
such crater discovered on Mars, Zunil, has a 10.1-km apparent diameter primary cavity
and possesses rays that extend 800 km [McEwen et al., 2003] and possibly 1600 km
[McEwen et al., 2005] from the primary cavity with solitary, distinct secondaries that are
recognized up to 3000 km away [Preblich et al., 2005]. Martian rayed craters are
different from lunar craters, which are known for their visually contrasting rays that are
bright, relatively high albedo features superimposed on dark, relatively low albedo
surfaces. Martian rayed craters are most apparent in thermal infrared images collected by
THEMIS and are nearly invisible in visible wavelength images. Because most highresolution images of Mars prior to THEMIS were acquired in the visible wavelengths,
Martian rayed craters went unnoticed until recently, when near-global coverage was
achieved at 100 m/pixel by THEMIS in the TIR.
The discovery of Martian rayed craters has led to an important realization
regarding a possible relationship to the Martian meteorites. The possible link between
Martian rayed craters and the Martian meteorite samples is supported by agreements
between the observations and inferences of Martian rayed craters with Martian meteorite
characteristics [e.g., McSween, 2002; Nyquist et al., 2001] and launch models, such as
Head et al. [2001] and Artemieva and Ivanov [2004]. Finding the launch site of the
Martian meteorites is of considerable importance, as their provenance on Mars is
presently unknown and these samples have been extensively studied by techniques
possible only in terrestrial laboratories. Determining the source region for the Martian
Meteorites is important, as we have currently come to understand more about the Martian
5

meteorites than any other Martian sample analyzed in situ on Mars, yet we do not know
their sources. In this final chapter, the probable conditions that were required to form
these unique craters are discussed based on their location and morphologic
characteristics. The observations and inferences made in this final chapter on Martian
rayed craters are also compared to the most current models for Martian meteorite delivery
along with the attributes of the Martian Meteorites themselves.

5.

Summary
The common theme of this dissertation is that impact craters provide planetary

geoscientists with a natural “geologic tool” useful towards answering questions about the
composition, structure and stratigraphy of planetary surfaces. The terrestrial analog study
of Haughton Impact structure provided experience and techniques that were applied to
Mars; specifically, they were applied to several impact craters in the Isidis Basin, Mars.
By mapping these craters in Isidis, the stratigraphic succession, timing and origin of
several spectral/lithologic units mapped with THEMIS and TES were determined. In the
final, part the rare Martian rayed crater systems were characterized and linked to the
Martian meteorites as the best candidate source craters to date.
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Part 2
Lithologic Mapping of Crater-Exposed Bedrock at the Haughton Impact Structure,
Devon Island, Canadian High Arctic: Applications to Mars

9

This chapter is a reformatted version of a paper by a similar name (below) published in
Meteoritics and Planetary Science in 2005 by Livio L. Tornabene, Jeffrey E. Moersch,
Gordon R. Osinski, Pascal Lee and Shawn P. Wright.
Tornabene, L. L., J. E. Moersch, G. R. Osinski, P. Lee, and S. P. Wright (2005),
Spaceborne visible and thermal infrared lithologic mapping of impact-exposed
subsurface lithologies at the Haughton impact structure, Devon Island, Canadian High
Arctic: Applications to Mars, Meteorit, Planet. Sci., 40, 1835-1858.

Abstract
This study serves as a proof of concept for the technique of using visible-near
infrared (VNIR), short-wavelength infrared (SWIR), and thermal infrared (TIR)
spectroscopic observations to map impact-exposed subsurface lithologies and
stratigraphy on Earth or Mars.

The topmost layer, three subsurface layers and

undisturbed outcrops of the target sequence exposed just 10 km to the northeast of the 23
km diameter Haughton impact structure (Devon Island, Nunavut, Canada) were mapped
as distinct spectral units using Landsat 7 ETM+ (VNIR/SWIR) and ASTER
(VNIR/SWIR/TIR) multispectral images. Spectral mapping was accomplished by using
standard image contrast stretching algorithms. Both spectral matching and deconvolution
algorithms were applied to image derived ASTER TIR emissivity spectra using a library
of laboratory-measured spectra of both minerals (Arizona State University) and wholerocks (Ward’s). These identifications were made without the use of a priori knowledge
from the field (i.e., as a “blind” analysis). The results from this analysis suggest a
sequence of dolomitic rock (in the crater rim), limestone (wall), gypsum-rich carbonate
(floor), and limestone again (central uplift). These matched compositions agree with the
lithologic units and the pre-impact stratigraphic sequence as mapped during recent field
studies of the Haughton impact structure. Further confirmation of the identity of imagederived spectra was confirmed by matching these spectra with laboratory-measured
spectra of samples collected from Haughton. The results from the “blind” remote sensing
methods used here suggest that these techniques can also be used to understand
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subsurface lithologies on Mars, where ground truth knowledge may not be generally
available.

1.

Introduction
The visible-near infrared (VNIR; 0.4–1.4 µm), short-wavelength infrared (SWIR;

1.4–3 µm), and thermal infrared (TIR 7–14 µm) wavelength regions are the three primary
regions that are used in current and planned reconnaissance mineral mapping of the
terrestrial planets. Presently, spectra of the Martian surface are being collected at spatial
scales that allow us to map small-scale (<1 km) compositional variations and geomorphic
features. The thermal emission imaging system (THEMIS) on board the Mars Odyssey
orbiter has 10 bands (8 of which are useful for compositional mapping of the Martian
surface). THEMIS maps in the TIR with a spatial resolution of 100 m/pixel and has 5
bands in the VNIR with a spatial resolution of ~18 m/pixel [Christensen et al., 1999,
2003, 2004]. THEMIS’s predecessor, the 143-band thermal emission spectrometer (TES)
on the Mars Global Surveyor orbiter (MGS), mapped global mineral and lithologic
compositions at spatial resolution of 3 × ~8 km [Christensen et al., 1992, 1998, 2001].
By combining the high spectral resolution of TES with the high spatial resolution of
THEMIS, these two complementary instruments have been used to successfully identify
small-scale compositional variation at the 100-meter scale [Bandfield et al., 2004;
Hamilton and Christensen, 2005].

In addition to THEMIS, spectral images of the

Martian surface are currently being collected by the OMEGA instrument on board the
European Space Agency’s Mars Express. OMEGA possesses 352 contiguous bands in
the VNIR and SWIR from 0.35 to 5.1 µm and has a spatial resolution ranging from 300
m to 5 km, depending on observation altitude [Bibring et al., 2005]. In late 2006, the
560-band VNIR and SWIR spectrometer known as the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) on board the Mars Reconnaissance Orbiter (MRO) will
enable mineral and lithologic mapping of even smaller scale features (18 m/pixel) and
detect finer-detailed compositional variations than previously possible [Murchie et al.,
2003].
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In preparation for working with such data sets from Mars, we can use
multispectral imagers in Earth orbit as analogs. The two used in this study are the
advanced spaceborne thermal emission and reflection radiometer (ASTER) and Landsat7
enhanced thematic mapper plus (ETM+). ASTER and ETM+ are reasonable analogs for
THEMIS, OMEGA, and CRISM in that they have comparable spatial resolutions and
cover at least 50% or more of the same spectral range.
The primary goal of this study is to lithologically map a terrestrial impact crater
using ASTER and ETM+ data and, by analogy, to demonstrate the potential effectiveness
of these types of remote sensing data sets for mapping Martian craters with THEMIS and
CRISM. Impact cratering is the most ubiquitous geological process in the solar system
and is common to all solid planetary bodies.

Impact craters conveniently provide

“windows” into planetary surfaces for mapping subsurface and shallow crustal materials,
as demonstrated in similar studies of the Moon [Pieters, 1982,1991; Pieters et al., 1994,
1997; Tompkins, 1998) and in situ on Mars by the Opportunity Mars exploration rover
[Squyres et al., 2004]. In addition to an investigation of lunar and Martian craters,
studies of terrestrial craters have been successful in mapping subsurface lithologies at
Meteor Crater, Arizona. Lithologies exposed in crater walls and ejecta blankets were
successfully identified by a combination of remote and in situ methods [Garvin et al.,
1992; Ramsey, 2002; Wright, 2003; Wright and Ramsey, 2003].
Subsurface materials are exposed at the surface from a depth that is directly
scaleable to the size of the crater [Housen et al., 1983; Schmidt and Housen, 1987;
Melosh, 1989].

This provides useful information for reconstructing approximate

stratigraphic succession of the lithologies exposed. Complex craters are of particular
interest for reconstructing a stratigraphic succession of subsurface and shallow crustal
lithologies, because they excavate rocks and minerals from both the immediate
subsurface and from the shallow crust. Complex crater morphologies form when the
diameter of the transient cavity achieves a certain size upon which the crater can no
longer sustain a simple bowl-shape morphology, which subsequently collapses. This
transition is dependant primarily on gravity and the material strength, or rheology, of the
target rocks. In addition to collapse and infilling during the formation of a complex
12

crater, faulted terraces form along the crater wall, and a central peak or peak ring feature
results from isostatic readjustment. Coherent lithologies originating from the midcrust
level have been observed in field studies of the eroded central uplift of the Vredefort
impact structure [e.g., Lana et al., 2003a, 2003b], which demonstrates the ability for
complex craters to sample at least shallow crustal lithologies.

Near-subsurface

lithologies can also be observed as coherent rocks uplifted and exposed in the rim, the
crater wall/terraces and, in some rare cases, within the ejecta blanket.
The effects of impact shock-induced changes in minerals and ejecta materials
have gained further recognition in recent times in laboratory-collected spectra and imagederived spectra from both terrestrial and Martian data sets. In particular, shock effects in
the collected hyperspectral TIR and VNIR spectra of quartz [Garvin et al., 1992], and of
plagioclase and pyroxene have been documented [Johnson et al., 2002a, 2003; Johnson
and Hörz, 2003] and observed [Johnson et al., 2002b]. Shocked plagioclase crystals
were selected as end-members from the results of a deconvolution (i.e., unmixing)
algorithm applied to TES-derived TIR spectra of the Martian surface. Although the
effects of shock metamorphism on spectra for the major rock-forming silicate and nonsilicate minerals have not been well documented, it is important to mention that such
changes in multispectral data (used here) are subtle and do not appear to affect broad
compositional interpretations [Johnson et al., 2002b].
The 23 km (apparent) diameter Haughton impact structure was selected for this
study based on four criteria: 1) the structure had to be of substantial diameter with respect
to the spatial resolution of the imaging instrument(s); 2) the structure had to have
moderately to well-preserved and discernible crater morphologic features (i.e., a rim,
wall/terraces and central uplift); 3) there needed to be sparse vegetation and good
exposure; and 4) the structure had to have been well characterized, sampled, and
geologically mapped, while offering reasonable access to the undisturbed target sequence
stratigraphy for comparison. The diameter of Haughton ensures that a substantial depth
is sampled and exposed for viewing by spaceborne remote sensing instruments. A crater
tens of kilometers in diameter, like Haughton, has impact-excavated subsurface units that
are still discernible even by the lowest spatial resolution data set used in this study
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(ASTER TIR, at 90 m/pixel). Haughton currently exists in a polar desert environment,
which has kept the structure well preserved and prevents the growth of substantial
vegetation cover.

The well-preserved crater morphology facilitates mapping and

interpretation of impact exposed lithologic units, while the general lack of vegetation
cover over Haughton facilitates a mineral and lithologic compositional assessment via
remote sensing.

Haughton formed within a sedimentary “layer-cake” stratigraphic

sequence (referred to here as the “target sequence”) with a tilt of 3–5° to the westsouthwest, so that subsurface lithologies sampled by the impact event actually outcrop at
the surface several kilometers to the east and northeast of the structure [Osinski, 2004;
Osinski et al., 2005a]. This layout enables a direct comparison, by remote methods, of
both impact exposed subsurface units with corresponding outcropping units within the
undisturbed target sequence within a single 60-km ASTER or 185-km ETM+ scene.
Table 1 (Note: All tables and figures are located in an appendix following each
part) is provided here as a reference for the numerous acronyms used in this paper.

2.

Background

2.1.

Geological Setting of the Haughton Impact Structure
The Haughton impact structure is a well-exposed and well-preserved complex

crater centered at 75°22′N, 89°41′W on the western part of Devon Island, in the High
Canadian Arctic Archipelago, Nunavut Territory (Figure 1). Haughton has an apparent
diameter of 23 km based on recent mapping [Osinski and Spray, 2005] and an age of 23.4
± 1.0 Ma [Late Oligocene–Early Miocene; [Jessberger, 1988]. Originally mapped as a
salt dome by [Greiner, 1963] in the 1950s, Haughton was later proposed to be an impact
structure by [Dence, 1972], and subsequently, it was recognized as such based on the
recognition of shatter cones [Robertson and Mason, 1975] and the discovery of the
impact generated high pressure polymorph of quartz, coesite [Frisch and Thorsteinsson,
1978]. The target sequence at Haughton comprises a ~1880 m thick series of Lower
Paleozoic sedimentary rocks of the Arctic Platform [Osinski et al., 2005a], overlying
Precambrian metamorphic basement of the Canadian Shield (Figure 2). Based on the
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apparent diameter of 23 km and recent scaling relationships for structural uplift, the
maximum estimated excavation depth of the central uplift should be ~2,200 meters
[Grieve and Pilkington, 1996; Grieve and Therriault, 2004]. This estimate is similar to a
previous estimate of ~1,970 meters [Grieve et al., 1981; Hajnal et al., 1988; Scott and
Hajnal, 1988], but is inconsistent with the most recent field estimate of ~1450 m for the
central core [Osinski and Spray, 2005].
Extensive re-mapping, combined with detailed petrological and analytical studies
of pre-, syn-, and post-impact formations within and around the structure, has improved
our understanding of the geology of Haughton [see Osinski et al., 2005 for an overview].
As seen in Figure 2a, the major crater rim and wall rock units of Haughton consist mainly
of the Ordovician-Silurian Middle and Lower Members of the Allen Bay Formation,
which consist predominantly of dolomite and limestone, respectively.

However,

exposures of the older Thumb Mountain, Bay Fiord and Eleanor River formations can be
observed within the crater, and in undisturbed outcrop to the east and northeast of the
structure. Shale from the Irene Bay Formation occurs in minor amounts within the
faulted terrace blocks, as mapped in the field [Bischoff and Oskierski, 1988; Osinski,
2004], but most of the faulted terrace blocks consist predominantly of lower Allen Bay
limestone, Thumb Mountain limestone and Bay Fiord gypsum (in descending order).
The faulted crater rim consists predominantly of dolomite and limestone from different
levels of the Allen Bay Formation. Limestones of the Thumb Mountain Formation
outcrop in the inner crater around the outer edge of the central uplift in the southwest and
east of the structure.

The gypsum/anhydrite-bearing Bay Fiord Formation occurs

predominantly in the east of the structure along the Haughton River valley, and as small
blocks in the interior of the crater.

Chert-bearing limestones of the Eleanor River

Formation occur as centrally uplifted, kilometer-size blocks (~1050 m to ~1300 m of
uplift; [Osinski et al., 2005a]).
Haughton impact melt breccias, which line the inner basin of the structure (Figure
2a), consist of lithic clasts that are predominantly dolomite, with lesser amounts of
limestone, shale, sandstone, gypsum/anhydrite, and lithologies from the crystalline
basement [Redeker and Stöffler, 1988; Osinski et al., 2005c]. The groundmass (~50– 60
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vol%) consists of microcrystalline calcite (average ~20-25 vol%), silicate impact melt
glass (average ~25-30 vol%) and anhydrite (highly variable; 0-60.5 vol%), with mineral
and lithic clasts of various target lithologies [Osinski et al., 2005c]. The lake deposits of
the post-impact Haughton Formation, which also occur in the inner basin, are varved and
consist predominantly of dolomitic sands, silts, and mud [Hickey et al., 1988]. They may
have once almost completely covered the impact melt breccia unit, but have been
subsequently eroded away [Lee and Osinski, 2005]. Non-geologic materials such as ice,
snow, water clouds, and vegetation can obscure the ground and thereby affect lithologic
mapping by remote sensing.

These materials do exist in our scenes and, with the

exception of vegetation, are addressed later in the Methods section.
2.2.

Instrumentation
Table 2 provides a comparison of the wavelength coverage and spatial resolution

of ETM+, ASTER, THEMIS, OMEGA and CRISM, which demonstrates the
appropriateness of the two terrestrial instruments as analogs for present and future
instruments designed for the remote sensing of Mars.
Although we recognize the 224 band airborne visible/infrared spectrometer
(AVIRIS) with 20 m pixel resolution as a superior analog for both OMEGA and CRISM,
there was no coverage available for Haughton at the time of this study. ETM+ is
sufficient for the purposes of this study as it covers approximately 50% of the wavelength
range of both OMEGA and CRISM (Table 2). The ETM+ has been operational since
April 1999, and consists of a whiskbroom-type multispectral imager with eight bands
spanning visible to thermal infrared wavelengths. It is capable of scanning a cross-track
swath, which creates a scene typically 185 km wide. For additional information on the
Landsat7 ETM+ instrument see Goward et al. [2001].
The advanced spaceborne thermal emission and reflection radiometer (ASTER),
operational since December 1999, is a 14-band, whiskbroom-type multispectral imager
onboard the Earth observing system (EOS) TERRA platform. An ASTER scene covers
an area approximately 60 × 60 km (for further information on the ASTER instrument, see
Abrams [2000]). ASTER VNIR and SWIR bands cover similar wavelength ranges in
common with OMEGA and CRISM; however, ongoing difficulties with a band-to-band
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“cross-talk” problem with the ASTER SWIR optics prevent a detailed spectral analysis in
this wavelength region. The cross-talk issue arises from excess stray radiance reflecting
off of the aluminum housing on the backside of filters adjacent to the detectors. This
essentially results in band 4 radiance contaminating bands 5 and 9. This anomaly does
not pose a problem for mapping spectral units. The cross-talk problem has an additive
affect on bands 5 and 9 on all the spectra contained in the scene, while the remaining
bands are truly representative of the surface properties. Therefore, spectral units can be
mapped, but a positive match to library spectra is difficult due to modified values of band
5 and 9. The cross-talk problem with the SWIR bands and the number of bands and
positioning for the ETM+, which do not provide enough spectral resolution for the
unique identifications of geologic materials, makes a full spectral analysis for these data
sets not feasible. As a consequence, a full analysis of the ASTER TIR emissivity scene
(as an analog for THEMIS TIR) (Table 1b.) will be emphasized in this study, while the
other data sets will be used to map spectral/lithologic units.
2.3.

On-Demand Data Products for Landsat 7 ETM+ and ASTER from the EOS

Data Gateway
ETM+ and ASTER scenes were acquired from the EOS data gateway search
engine and were selected based on three criteria: 1) time of year (to minimize the effects
of ice and snow); 2) low cloud cover; and 3) coverage of Haughton and the surrounding
area. The ETM+ Level 0R (L0R) scene LE7040007000021150 was acquired on July 29,
2000 at 18:01:48 at a sun elevation of 34.16° and meets all three criteria. The EOS data
gateway generates an L1G product from the L0R, which includes both the necessary
radiometric and geometric corrections.
An ASTER Level 1A (L1A) scene AST_L1A: 003.2003571915 was acquired on
July 21, 2001 at 18:54:23, and also meets our all three of our criteria. The L1A data were
processed by the Japanese ASTER ground data system (GDS) into a Level 1B (L1B)
registered radiance with a product ID of: SC:AST_L1B:003.2017172817. This L1B
radiance was then processed into higher level data products (Level 2B) via the EOS data
gateway. These products include both the validated SWIR and VNIR surface reflectance
(AST_07 v. 2.3) as one product, and the validated TIR surface emissivity (AST_05 v.
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2.9). In addition to radiometric and systematic corrections, these data products are
corrected for solar illumination effects, gaseous absorption, and molecular scattering. For
more information on these products and the corrections applied to them, see
http://asterweb.jpl.nasa.gov/content/03_data/01_Data_Products/SurfaceReflectance.pdf,
http://asterweb.jpl.nasa.gov/content/03_data/01_Data_Products/Emissivity.pdf, Rowan et
al. [2003], and Rowan and Mars [2003].

3.

Methods
ETM+ and ASTER SWIR and TIR data were preprocessed prior to applying

mapping techniques to improve spectral mapping and matching results for “rock”
surfaces associated with Haughton. Spectral reflectance data (Level 1G) from ETM+
scene LE7040007000021150 were processed as follows: 1) spatially subset the scene to
only include the crater and most of the unaffected target sequence lithologies; and 2)
applied a dark-object subtraction method, which offsets all pixel values in the scene so
that shadowed pixels have a value of 0 [Chavez, 1988]. This correction minimizes
spectral contributions from atmospheric scattering, thereby accentuating spectral
contributions from surface materials. The correction is applied by recording the average
digital number (DN) of shadowed areas in a grayscale image from the blue-wavelength
band, and then offsetting the DN values of all the bands by the number. The correction
value is taken from the blue-wavelength band, because scattering is most intense toward
the blue wavelengths. ASTER Level 1B scene SC: AST_L1B:003.2017172817 was preprocessed into level 2 products (i.e., VNIR/SWIR reflectance and TIR emissivity) using
the ASTER on-demand data gateway (http://edcimswww.cr.usgs.gov/pub/imswelcome).
Areas in the scene covered by ice, snow, water, or clouds were removed from subsequent
processing and mapping with an image mask.
These masks were created using threshold values ascertained from key bands
sensitive to these substances. This substantially improved the results of subsequent
mapping because the spectral variability in the unmasked portion of the scene primarily
arises from differences in lithologic compositions. The total area covered by vegetation
was so small that vegetation was not an issue.
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Mapping and spectral analysis were all performed using the Environment for
Visualizing Images (ENVI) software, which is visual front-end for the interactive data
language (IDL) programming language. The ETM+ and ASTER SWIR and TIR scenes
were mapped using three commonly-used techniques that are useful for multispectral data
to visually enhance spectral distinctness within the scene and thereby define “spectral
units” (e.g., Figures 2 and 3). The term “spectral unit” is used here to describe a
contiguous area with discernible boundaries and bearing a relatively consistent color, or
average spectrum, in any one of the processed images. Spectral units do not imply a pure
mineral or rock type, although this could be possible, but may represent weathered
surfaces, unconsolidated deposits, or non-geologic materials (e.g., vegetation, water,
snow, ice or clouds, or even grain-size effects [most prominent in the TIR]).
The three mapping methods used here are: 1) decorrelation stretching (DCS); 2) a
modified principal component analysis used to reduce noise called a minimum noise
fraction (MNF) transform; and 3) band ratioing. These three methods are used here
because they tend to sufficiently emphasize spectral variability in multispectral data sets.
A DCS is a first-order mapping technique that enhances subtle spectral differences, but is
limited to three different, user-selected bands [Gillespie et al., 1986]. The original data
values of the three selected bands are contrast-stretched and maximized to fill all the
available color space, but the hues in the original red, green, and blue (RGB) combination
are retained. A DCS was performed on bands 7-4-2 (not shown) from the ETM+ data set,
4-6-8 from the ASTER SWIR (Figures 2a and 2c) and 14-12-10 from the ASTER TIR
(Figures 2b and 2d) (refer to Table 1b for band centers). These bands take advantage of
the major absorption features and slope effects observed within each of the above scenes.
An MNF was applied separately to the ETM+, ASTER SWIR reflectance, and the
ASTER TIR emissivity data sets in order to maximize the spectral variation contained in
all the available bands. This technique is unlike the DCS, which only uses 3 bands at a
time. The MNF transform in ENVI 4.0 was modified after Green et al. [1988]. The
MNF classification, like a principal component (PC) routine, rotates the data into a new
coordinate system and maximizes the variance of the data, but differs from a PC routine
in that it segregates spatially correlated signal from noise [Boardman and Kruse, 1994].
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Bands of the MNF-transformed data are ranked with the largest amount of spectral
variance in the first band, and decreasing spectral variance with increasing band number
until only noise and no coherent image remains. In multispectral data sets, the technique
effectively isolates the predominant spectral components (i.e., distinct mineral/rock
compositions) into separate bands. By discarding the higher numbered noisy MNF bands
and combining the lower bands into RGB, relatively noise-free spectral maps can be
generated.
A band ratio image works by mathematically accentuating areas within a scene
associated with the presence or absence of specific spectral absorption features (e.g.,
dividing a band positioned on the continuum by a band positioned for a known absorption
feature). Band ratioing is most useful for multispectral imagery that lacks the spectral
resolution needed for direct matching to library spectra (e.g., ETM+ data), and has been
used extensively to map specific mineral groups in terrestrial remote sensing studies
[Rowan and Mars, 2003]. The band ratioing mapping technique was applied to the
ETM+ data set only because the ASTER SWIR suffers from the cross-talk problem and
the ASTER TIR has both lower spatial resolution and signal-to-noise. Random noise is
highly uncorrelated data having spurious data numbers (DN) so a ratio of any noise of
this type will result in extreme values causing pixilation and striping. The band ratioing
mapping technique works exceptionally well with the multispectral ETM+ data because it
has both sufficient spatial resolution and a relatively high signal-to-noise ratio. Though
ETM+ band ratio images are only suggestive of certain compositions, rather than being
diagnostic, they are still useful for preliminary lithologic assessments prior to attempting
any spectral matching techniques to a mineral or rock spectral library that contains
hundreds of samples.
In order to further enhance the interpretability of all spectral maps created by the
processing techniques above, each one was rendered into 3-D using a 25 m/pixel digital
elevation model (DEM) of Haughton and the surrounding area (Natural Resources of
Canada: http://www.nrcanrncan.gc.ca/inter/index.html). These maps were then compared
to one another to see if there were image-to-image correlations between the occurrences
of spectral units and to discern if these units specifically coincided with crater
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morphologic features, such as the rim, wall, crater floor, and central uplift (thereby
defining the shallowest [rim] to the deepest exposed units [central uplift]).
These mapping techniques do not in themselves rigorously attach specific mineral
or lithologic compositions to each spectral unit. In order to make such assignments, both
automated and manual methods were used to extract spectral end-members from the
ASTER TIR emissivity product for matching to laboratory-measured spectra.

Pixel

purity index (PPI) and n-dimensional visualization (nDV) techniques are used in
conjunction as an automated method to extract image spectral end-members (PPI-IEMs)
[Boardman et al., 1995]. The manual method used here simply averages all the pixels in
a training area, referred to here as a region of interest (ROI). The PPI-IEMs and ROIaveraged spectra were then matched to library spectral end-members of whole-rock
specimens from Ward’s scientific [courtesy of Arizona State University, 2004] and
minerals [Christensen et al., 2000a] using ENVI’s spectral angle mapper (SAM) and
spectral feature fitting (SFF) algorithms [Kruse et al., 1993]. Note that the term “endmember,” as used here, refers to a spectrum extracted from the unprocessed images, or
from a mineral, rock, or sample spectral library. End-member spectra, like spectral units,
may or may not represent pure minerals or rock-types, and do not necessarily refer to
end-members in the sense of mineral solid-solution endmembers.
The PPI/nDV techniques extract spectra from the most “extreme” pixels within
the scene, based on the assumption that these pixels are the purest end-members present,
with all other pixels being composed of mixtures of these end-members. The PPI works
by randomly re-projecting the n-dimensional data set (where n in the number of spectral
bands) into a 2-D data plot for a user-determined number of iterations. The most extreme
pixels at the vertices of the “data cloud” in each 2-D data plot are flagged. Each time a
pixel is flagged, its PPI is incremented by one. The end-product of the PPI is an image,
in which the value of each pixel corresponds to the number of times it was flagged over
the number of iterations. In subsequent processing, only pixels with values above a userdefined threshold from this PPI image are used to choose end-members. The MNF
values for these pixels are then plotted so that the analyst can rotate a 2-D projection of
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the data cloud from n-dimensions and extract image-derived end-member spectra (PPIIEMs) from the vertices of the data cloud.
The manual method used here consisted of defining regions of interest (ROIs) on
the ASTER TIR emissivity product.

The ROIs were based on spectral units that

correlated between each of the spectral maps we generated (e.g., SWIR-MNF, TIR-DCS,
and our ETM+ band ratio) and coincided with crater morphological features that were
either excavated, uplifted, or exposed from different levels of the subsurface stratigraphy.
The following crater ROI units were defined moving from the (presumably) shallowest
subsurface to deepest uplifted unit (increasing unit number): 1) ROI unit 1 (“rim rock”),
2) ROI unit 2 (“wall rock”), 3) ROI unit 3 (“eastern floor”), 4) ROI unit 4 (“crater
moat”), and 5) ROI unit 5 (“central uplift”) (Table 3). The nomenclature used above was
derived strictly from each unit’s general morphological/spatial context within the crater
and is not necessarily meant to be interpreted strictly in the genetic sense. These five
crater ROI units were individually averaged into a single spectrum representative of that
unit for spectral SAM and SFF analyses.
The SAM algorithm begins by representing an unknown spectrum as an ndimensional vector, with the length of the vector in each dimension being the reflectance
or emissivity (as appropriate) from each band in the spectrum. The SAM then compares
the vector angle between each reference spectrum with the vector for the unknown
spectrum in n-dimensional space. Any library reference spectrum that receives a SAM
score of 1.000 for a given unknown spectrum is a perfect match (i.e., if the library of
reference spectra is appropriate to the scene). Because the SAM results are highly
dependant on the end-members contained in the input library, a score below 1.000 is
typical. Therefore, we define the best-matched library reference spectrum for any given
PPI-IEM or ROI-averaged spectrum with a score of 0.980 or greater. SFF was applied to
suspect SAM matches below 0.980 to better determine the identity of these spectra. The
SFF algorithm works by removing the continuum for the unknown and library endmembers, and then directly compares the absorption features that remain. Like the SAM
class, the SFF returns a score of 1.000 for perfect matches. Table 3 reports the results
from the SAM and SFF classification using the Arizona State University’s (ASU) mineral
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spectral library [Christensen et al., 2000a] and a whole-rock library of Ward’s scientific
specimens [courtesy of ASU, 2004].
In order to further constrain the composition of each spectral unit, a spectral linear
deconvolution algorithm [Ramsey, 1996; Ramsey and Christensen, 1998] was applied to
a subset of the ASTER TIR emissivity product containing Haughton and the exposed
undisturbed target sequence. Linear deconvolution (i.e., linear unmixing) of TIR spectra
is possible because mineral or lithologic mixtures are linearly additive in the TIR
[Thomson and Salisbury, 1993; Ramsey, 1996]. Therefore, each pixel can be unmixed
into its mineral or rock areal abundance. Each spectral library set, the PPI-derived IEMs,
crater ROI-averaged spectra, and both the best whole-rock (Ward’s) and the mineral
(ASU) SAM matches for the PPI and ROI-averaged spectral end-members were used as
inputs for the algorithm (Table 3; Figure 6). PPI-IEM and ROI-averaged spectra are used
here, as they have been successfully used in other studies towards deconvolving and
mapping spectral units within the scene from which they were derived (Adams et al.
1993). A pure blackbody end-member was included in each of the four sets to allow the
deconvolution algorithm to accommodate and model reductions, or increases, in spectral
contrast in the unknown image spectra (from the scene) as compared to the library spectra
used. Such reduction or increases in spectral contrast can result from the grain size
effects, surface roughness, and degree of crystallinity or sample purity. By adding a
positive or negative blackbody to the input spectra, the spectral contrast of the spectrum
to be unmixed can be adjusted to match the contrast of the input reference library spectra.
The n-possible end-members used as an input for the deconvolution algorithm is
mathematically limited to the n-bands of the instrument [Ramsey, 1996]. In the case of
ASTER, the n-band value is five, which limits the number of input spectra for the
algorithm to five or less. Five PPI image-derived end-members were chosen from the
scene, and also five ROIs were selected (the maximum number allowable by the
algorithm). The number chosen by the PPI/nDV method and the number of ROIs was not
chosen to suit the algorithm. Five was the actual number of extremes in the PPI-derived
data cloud and the number of spectral units in the scene that correlated with crater
features. From over 100 end-members in both the rock and mineral libraries, the SAM
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classification was able to constrain the four (plus a blackbody) or five reference library
spectral end-members, for each of the PPIIEM or ROI-averaged spectra, required by the
algorithm.
The results from all techniques described above were interpreted blindly, without
making use of pre-existing field studies (e.g., maps, etc.) or ground truth data (i.e., hand
specimen or field spectra). The purpose was to simulate remote sensing studies of
Martian craters, for which little to no ground truth data are available. The results from
our blind analysis were compared to a geologic map and stratigraphic column from the
latest field observations derived from the first seven field campaigns of the NASA
Haughton-Mars project [Osinski, 2004; Osinski et al., 2004, 2005a, 2005b; Osinski and
Spray, 2005]. Finally, PPI-IEM and ROI-averaged spectra were compared to spectra of
Haughton samples as a final ground truth step.

4.

Results and Interpretations

4.1.

Description of the Crater-Spectral Units and the Undisturbed Target

Sequence
Color composite images created from different combinations of minimum noise
fraction (MNF)-transformed and decorrelation stretched (DCS)-transformed ASTER
bands were used to manually identify ROIs associated with different spectral units that
coincided with both crater morphological features and with the units of the undisturbed
target sequence. Figure 3 shows two of these types of images with exposed and uplifted
crater ROI units denoted by a number and related undisturbed target sequence units
bearing a letter designation that increases with descending order within the stratigraphic
sequence from A to D, with A being related to ROI unit1, B to 2, etc. (Table 3). The two
best color composite processed images were those that displayed the least noise and best
revealed a clear correlation between spectral units and crater morphological features.
These two images were created from a combination of SWIR MNF bands 2, 1, and 6
(Figures 2a and 2c) and the DCS-enhanced ASTER TIR bands 14, 12, and 10 (Figures 2b
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and 2d). These two maps will be discussed and referred to below as “SWIR-MNF” and
“TIR-DCS.”
ROI units are more difficult to discern in the TIR-DCS, but can be easily
discriminated in the SWIR-MNF image. As a consequence, ROIs were identified in both
images (Figure 3) to facilitate extraction of spectra from the appropriate spectral units
within the ASTER TIR emissivity data set.

Gray pixels in the SWIR-MNF color

composite images (Figures 2a and 2c) indicate where a mask for non-geologic materials
was applied. Although such a mask is not required for DCS processing, one was applied
for consistency. The black pixels in the TIR-DCS images (Figures 2b and 2d) indicate
where the mask was applied for this image.
In Figures 2a and 2c, the crater rim litho-type has a magenta color in the SWIRMNF (ROI unit 1 [“rim rock”]) and appears structurally as the topmost, N-S trending unit
sampled by the impact event (Unit A; best seen in Figure 3a). These units correlate with
dark blue-green pixels in the TIR-DCS (Figures 2b and 2d).

Unit A appears to

conformably overlie Unit B (i.e., the aqua unit in the SWIR-MNF image and the
yellowish green unit in the TIR-DCS image). Evidence for this stratigraphic succession
can be seen to the northeast and southeast of the impact structure (Figure 3a), where
erosional mesas capped by Unit A (magenta) are underlain by the subordinate Unit B
(aqua). The aqua pixels corresponding to outcrops within the crater walls, and although
the same color is observed for centrally uplifted blocks (i.e., ROI unit 5), the aquacolored pixels associated with outcrops within the wall or slumped terrace blocks are
treated here as a separate unit (ROI unit 2 [“wall rock”]). This unit appears yellowish
green in the TIR-DCS images (Figures 2b and 2d).
Occurrences of isolated bright red pixels in both SWIRMNF and TIR-DCS can be
seen to the east-northeast of the crater (Unit C), which is interpreted as part of the
undisturbed target sequence. Outcrops of this unit can be found within the northeast and
southeast parts of the “crater moat” unit, and also around the more northern central uplift
block. This unit is referred to as ROI unit 3 (“eastern floor”).
The most obvious spectral unit associated with Haughton occupies the interior
basin, or moat, of the Haughton impact structure and is dark blue in the SWIR-MNF or
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pink in the TIR-DCS. This particular spectral unit, referred to as ROI unit 4 (“crater
moat”), also outcrops as a patch of material overlying the rim rock in the southwest
region of Haughton. Additional occurrences of dark blue/pink pixels in these images can
be seen as valley-fill and shoreline deposit materials to the north of Haughton (unit D).
ROI unit 5 (“central uplift”) has the same color as ROI unit 2 (“wall rock”) in
both the SWIR-MNF and TIR-DCS combinations, suggesting that they have similar
compositions. ROI unit 5 is defined separately from ROI unit 2 (“wall rock”) because it
occurs in association with what appear to be centrally uplifted blocks on the crater floor.
4.2.

Spectral Analysis and Interpretation
Band ratio images constructed from ETM+ data were used to make compositional

inferences about the spectral units defined above.

Such inferences can be used to

determine the best matches for PPI-IEM and ROI-averaged spectra from the results of the
SAM and SFF classification (discussed below). The ETM+ band ratio images (Figures
3a and 3b) only show spectral signatures related to gross lithologic differences (e.g.,
carbonate versus silicate) because of ETM+’s band placement and low spectral
resolution. Two standard ETM+ band ratios [Drury, 2001] were used: 1) a ratio of band
5 to band 7 (Figure 4a), for carbonates, phyllosilicates and hydrothermally-altered
deposits; and 2) a ratio of band 3 to band 2 (Figure 4b), which produces an image
sensitive to ferric iron (Fe3+). The brightest pixels in the 5/7 image (Figure 4a) are found
near or within tributaries of the Haughton River, and as clustered, isolated spots within
the crater floor and around the northern centrally-uplifted blocks. These pixels are
interpreted to represent fluvial deposits that are possibly rich in phyllosilicates or
carbonates. The brightest spots in this image associated with the eastern crater floor and
around the central uplift in this image correlate well with the ROI unit 3 (“eastern floor”).
This occurrence is interpreted as outcrops rich in carbonates, phyllosilicates or,
specifically, sulfates (due to a stronger absorption in band 7 than is generally expected for
carbonates and phyllosilicates).
The brightest pixels in the 3/2 band ratio image (Figure 4b) are within the
outcrops in the ROI unit 1 (“rim rock”), which stratigraphically overlies ROI unit 2
(“wall rock”), the darker, grayish unit to the east of Haughton. Examination of the
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average spectrum for both units reveals a weak absorption in band 7 suggesting that they
may represent carbonates or phyllosilicates with ROI unit 1 representing a unit richer in
Fe3+ than ROI unit 2.
PPI/nDV analysis of the entire ASTER TIR scene for Haughton, minus the pixels
masked for ice, water, snow, and clouds yielded the five PPI-IEMs. Spectra from the five
manually defined crater ROI units closely match four out of the five PPI-IEM spectra.
End-members chosen by the SAM and SFF algorithm for both PPI-IEM and ROIaveraged spectra are shown at their full-spectral resolutions in Figure 5. These spectra
are also shown in Figures 5a–e convolved to THEMIS band passes (solid lines) and
compared with both PPI-IEM and ROI-averaged spectral end-members (dashed lines).
Even at ASTER TIR spectral resolution (5 bands), the PPI and crater ROI spectra can be
assigned compositional labels by visually comparing them with mineral (ASU) and
whole-rock (Ward’s) library spectral end-members selected by SAM and SFF
classification.
PPI-derived IEM#1 (Figure 6a) has the deepest absorption feature in the scene
with an average emissivity of 0.82 at ~8.63 µm. This end-member was derived from
crater ROI unit 3 (“eastern floor”) and the undisturbed country rock Unit C (Figures 2a
and 2b).

Note the similarities between the main absorption features for the mean

spectrum from both the PPI-derived IEM#1 spectrum and the manually-defined eastern
floor unit (ROI unit 3) and the ASU Gypsum ML-S6 and the Ward’s whole-rock gypsum
end-members. The strong absorption feature at ~8.63 µm is consistent with the presence
of gypsum (CaSO4 × 2 H2O), but the downward deflection at ~11.32 µm suggests that
both PPI-IEM#1 and crater ROI unit 3 have spectral contributions attributed to the
presence of carbonate.

The sulfate interpretation of this unit is consistent with

information gleaned from ETM+ band ratio images (above).
ROI unit 3 (“eastern floor”) is interpreted to be a subsurface unit lying between
ROI units 2 and 5. Outcrops of this unit in the undisturbed target sequence (Unit C)
occur approximately at the same stratigraphic elevation as occurrences within Haughton,
which can be seen in the DEM processed images (Figures 2c and 2d). This suggests that
the Haughton occurrence of this unit likely represents an impact-exposed subsurface unit.
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Occurrences of this unit around the northern central uplift block also suggest that this unit
may have conformably overlain the unit exposed by the central uplift prior to the impact
event. In addition, the placement of the unit can be correlated with its proper succession
within the undisturbed target sequence (units A–C). Litho-type unit C (red) appears
subordinate to unit B (aqua or yellowish green) to the northeast of Haughton (Figures 2a
and 2b).
PPI-IEM#2 and ROI unit 1 (Figure 6b) are identified as carbonates on the basis of
a main absorption feature at ~11.32 µm. They also contain minor silicate absorptions
(possibly quartz) around ~9.08 µm. The PPI-derived IEM#2 corresponds well to the
manually-selected ROI unit 1 (“rim rock”). SAM classification results using the ASU
and Ward’s library suggested that Dolomite C28 and the dolomitic limestone endmembers were the best matches for PPI-IEM# 2 and ROI unit 1 (“rim rock”). Additional
evidence that the carbonate forming this particular unit is dolomitic comes from the
ETM+ band ratio 3/2 image (Figure 4b). As previously described, ROI unit 1 (“rim
rock”) appears as a unit containing the brightest pixels in the band ratio 3/2 image, which
is sensitive to the presence of Fe3+. Ferric iron preferentially substitutes more readily
into a dolomite structure than into calcite, making ROI unit 1 brighter over the
subordinate ROI unit 2 (“wall rock”). Siderite (ASU) and a siderite carbonatite (Ward’s)
were chosen as possible end-members by SAM classification, but were rejected as
possible matches because of a lower (~0.98) SAM score and due to the fact that siderite
rarely ever occurs in massive layered beds. This does not preclude that some minor
siderite may contribute to the spectral signature of ROI unit 1, or PPI-IEM# 2.
PPI-IEM#3 (Figure 6c) pixels correlate with the position of both crater ROI unit 2
(“wall rock”) and ROI unit 5 (“central uplift”). The main absorption feature for PPIIEM#3 and both ROI spectra is located near ~11.32 µm.

Both ROIs have minor

absorption features near ~9.08 µm (possibly a quartz signature) but are difficult to
discern. The SAM and SFF classification results for IEM#3, ROI unit 2 and ROI unit 5
suggests a cherty limestone (Ward’s) and Calcite ML-C10 (ASU) as best matches. ROI
unit 5 is interpreted as a separate unit derived from deeper sources than ROI unit 2,
because it outcrops within centrally uplifted blocks and appears to be separated from ROI
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unit 2 by unit 3. Lithologies contained within central uplifts in complex craters have the
deepest origins with respect to the pre-impact stratigraphy [e.g., Grieve et al., 1981].
Spectra derived from PPI-IEM#4 and ROI unit 4 (“crater moat”) are almost
identical (Figure 6d). The SAM classification best match for these units using the
Ward’s and ASU spectral libraries were a graphite schist and Magnetite WAR-0384,
respectively, neither of which appears to be consistent with the other lithologies
identified (i.e., carbonates, evaporates, and silicates).

However, if we compare the

“crater moat” unit’s average spectrum with either the first four PPI-IEMs or the four
crater ROI-averaged spectra (Figures 5a–c), each absorption feature in the “crater moat”
spectrum can be easily explained as arising from mixing of these components. A slight
deflection at ~8.63 µm can be explained by mixing some gypsum-rich component into
the “crater moat” unit, and the absorptions at ~9.08 and ~11.32 µm could be from mixing
in a quartz-rich component and carbonate-rich component, respectively. Identification of
the exact mineral species of carbonates and silicates of the “Crater moat” unit is
hampered by the unit’s lack of spectral contrast (~0.98) (Figure 6d). While we do not
necessarily find the specific interpretation of the graphite schist correct, inspection of the
full spectrum of this library sample (Figure 5a) reveals that it has absorptions that are
consistent with both carbonates (6.6, 11.3, 14 and a broad absorption around 32 µm) and
silicates (8.6 and a broad absorption around 20.3 µm). To this extent, the match is likely
to be valid with respect to some of the minerals representative in the graphite schist endmember because both carbonates and silicates are found in adjacent spectral units.
However, in a lithologic sense, a graphite schist is neither consistent with the other
lithologies present nor the inferred tectonic setting. With respect to ASTER TIR-derived
spectra, the minor absorption features outlined above for the “crater moat” unit suggest
that it possibly consists of a mixture of all four crater ROI units and possibly a quartz-rich
component similar to PPI- IEM#4. Unfortunately, corroboration of this hypothesis using
deconvolution analysis was not possible due to the low spectral contrast of the “crater
moat” spectrum.
The PPI-selected pixels used to create the IEM#5 spectra (Figure 6e) originate
from an undefined spectral unit (reddish orange) well outside of the Haughton structure
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and the undisturbed target sequence; to the southwest of the impact structure (Figure 3b).
The spectrum for PPI-IEM#5 resembles the spectrum for pure quartz, but the SAM
classification preferred a siltstone or shale from the Ward’s spectral library. Quartz has a
primary spectral absorption feature at ~9.08 µm. Absorptions at this wavelength can be
seen in some of the ROI spectra, especially in the “rim rock” and the “crater moat” unit,
suggesting some spectral contributions from quartz.
Based on spectral analysis and the occurrence of specific units associated with
crater morphological features such as rim, wall, floor, and central uplift, we can conclude
that the pre-impact stratigraphic sequence consisted of: ROI unit 1 (“rim rock”) is most
likely dolomitic and the topmost unit in the sequence based on its occurrence within the
rim. Because of the colors associated with this unit in both the SWIR-MNF and DCSTIR images (Figures 2a and 2b), it appears to “surround” Haughton (i.e., as undisturbed
unit A) since the ejecta has been subsequently eroded away. ROI unit 1 conformably
overlies ROI unit 2 (“wall rock”), which is most likely a quartz-bearing, or cherty,
limestone. ROI unit 2’s color is consistent with undisturbed target unit B in both
SWIR-MNF and DCS- TIR images (Figures 2a and 2b). ROI Unit 2 stratigraphically
overlies the gypsum-rich ROI unit 3 (“eastern floor”). Though ROI unit 2 and ROI unit 5
(“central uplift”) have the same spectral shapes (i.e., composition), they appear to be
separated by ROI unit 3. Thus, the final sequence from the topmost (unit 1) exposed
lithologies within Haughton to the bottommost (unit 4) is:
•

dolomitic rock

•

limestone

•

gypsum-rich carbonate rock

•

limestone
This stratigraphic succession agrees well with the undisturbed target sequence

lithologies (units A–C) (Figures 2a and 2b) The “crater moat” unit is summarized
separately below, as it is not believed to be part of either the impact exposed subsurface
stratigraphy or the undisturbed target stratigraphic sequence.
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4.3.

The “Crater Moat” Unit: Fluvial/Glacial or Intra-Crater Deposit?
The unit labeled “crater moat” unit is areally the largest spectral unit within the

Haughton impact structure (Figure 3). This unit is not believed to be part of the impactexposed subsurface stratigraphy, but probably formed either during the late stages of the
impact event (e.g., a breccia or melt sheet unit), or as a post-impact deposit (e.g.,
fluvial/lacustrine, or glacial). Our preferred interpretation is that the unit represents a
polymict breccia, based on the following image and spectral observations, which are
briefly listed here and then elaborated on below: 1) the unit has spectral similarities in the
SWIR and TIR data to the valley-fill and shoreline materials north of the impact
structure, but is spectrally distinct from the fill and shoreline deposits in the VNIR; 2) the
unit predominantly occurs in association with the lining of the crater floor and overlying
parts of the crater rim/terraces; and 3) the average “crater moat” ROI spectrum indicates
that the unit can be a mixture of the primary, impact-exposed subsurface lithologies
sampled by the impact event.
The “crater moat” unit’s spectral distinctness in VNIR from any other unit or
deposit in the vicinity of Haughton and its presence predominantly within the Haughton
structure are crucial observations that suggest a connection with the impact process. This
unit’s white, blue-white, and gray-blue coloration as seen in visible and VNIR composite
ETM+ and ASTER images, in addition to its distinct low DN values in ETM+ band-ratio
images (Figures 3a and 3b), strongly contrast with the appearance of the other units
within and in the vicinity of the Haughton structure. This includes the deposits to the
north of Haughton that appear spectrally similar in both the SWIR-MNF and TIR-DCS
images (Figure 3). Because this unit mainly lines the inner topographic depression of
Haughton and overlies limestone and dolomites interpreted as part of the “wall/terrace
blocks” and “rim,” it does not appear to be a part of the subsurface stratigraphy exposed
by the crater. As noted earlier, the average spectrum of the “crater moat” unit is believed
to be a mixture of the impact-exposed subsurface units based on the positions of
absorption features and an overall diminished spectral contrast.

Both of these

characteristics are consistent with a polymict breccia interpretation.

In addition to

diminished contrast from mixing, we propose that the low spectral contrast of the “crater
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moat” unit may also be the result of particle size effects from fine-grained materials [e.g.,
Moersch and Christensen, 1995; Mustard and Hays, 1997], presumably the result of
strong shock deformation and comminution. Particle size effects may also explain why
the “crater moat” unit bears some spectral similarities to the valley-fill and shoreline
materials north of the impact structure in the SWIR and TIR (areas that are dark blue and
pink in Figures 2a and 2b, respectively). From the spatial/photogeologic context of these
valley-fill and shoreline materials, we speculate that they are also dominated by finegrain sediments, in this case either fluvially or glacially derived. Overall, the salient
observation with respect to mapping the impact-exposed subsurface lithologies of
Haughton is that this unit can be reasonably ruled out as a subsurface unit regardless of
its mode of origin.
In summary, our preferred interpretation of this unit, based on photogeologic,
morphologic and spectral characteristics, is that the unit represents a polymict breccia
composed predominantly of carbonate with an admixture of silicate (quartz-rich
component) and potentially sulfate (gypsum).
4.4.

Deconvolution Results and Interpretations
Table

4

provides

the

root

mean

square

(RMS)

errors

for

the

deconvolution/unmixing analyses via least-squares fit to the ASTER TIR image spectra
using the four end-member libraries (i.e., PPI, ROI, mineral, and rock). As can be seen
by the relatively low RMS errors, the four end-member libraries were sufficient to unmix
the ASTER TIR image spectra.
The whole-image deconvolution results using the whole rock (Ward’s) library
end-members are all presented in Figures 6a–e. These results clearly define the same
spectral units defined by the mapping techniques applied above (compare Figures 6a–d
with Figures 2a–d). These newly defined units in Figures 6a–d are directly related to
compositions, and are consistent with the interpretations and the spectral results for the
ROI spectral units discussed above. Figure 7a is the deconvolution image for the Ward’s
end-member “rock gypsum.” High concentrations of gypsum occur in the unit defined as
ROI unit 3 (“eastern floor”) and also outside of Haughton in the undisturbed unit C (cf.
Figures 2a and 2b). Figure 7b is the deconvolution image for the Ward’s end-member
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“dolomitic limestone.” The highest concentration of this end-member appears to be
associated with ROI unit 1 (“rim rock”) and the undisturbed unit A. Figure 7c is the
deconvolution image for the Ward’s end-member “cherty limestone,” with major
occurrences of this particular end-member concentrated within the crater wall/terraces
and in the centrally uplifted blocks within Haughton (i.e., crater ROI unit 2 and unit 4,
respectively) (Figure 3). Undisturbed outcrops of limestone can also be seen to the east
(unit B) (Figures 2a and 2b) and west of Haughton. Figure 7d is the deconvolution image
for the end-member “siltstone” or “shale” (both end-members produced similar results).
This component appears in the whole-image deconvolution results within some of the
pixels associated with the “crater moat” unit and in outcrops of gypsum both within and
outside of Haughton. The brightest pixels representing outcrops to the west of Haughton
(i.e., up the stratigraphic section and not affected by the Haughton impact event) are beds
of siltstone/shale. The occurrence of some pixels associated with ROI unit 3 (“eastern
floor”) are probably due to some spectral contributions from quartz. Figure 6e represents
the abundances for the blackbody end-member, with the brightest areas being regions that
are best approximated by a blackbody. Water has a near-blackbody TIR spectrum;
therefore, the entire area to the ENE in Figure 6e that is brightest is interpreted as a body
of water and ice (confirmed in VNIR imagery). The next-brightest group of pixels in the
blackbody deconvolution image occurs within the crater floor of Haughton, suggesting
that the ROI unit 4 (“crater moat”) also approximates a blackbody (i.e., has very low
spectral contrast).
4.5.

Ground Truth: Comparison of Results and Interpretations with the Geologic

Map and Past Field Studies of Haughton
A first order attempt to ground-truth our results was made by comparing spectral
units defined in SWIR-MNF (Figures 2a and 2c), TIR-DCS (Figures 2b and 2d), ETM+
band ratio (Figures 3a and 3b), and Ward’s end-member concentration images (Figures
6a–d) with the lithologic units defined in the geologic map and reconstructed stratcolumn
by Osinski [2004] and Osinski et al. [2005a], modified after Thorsteinsson and Mayr
[1987] (Figures 1a and 1b). Crater ROI units identified in the SWIR-MNF and TIR-DCS
images (Figure 3) were directly correlated with mapped lithologies from depth (i.e.,
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further down the pre-impact stratigraphic target sequence; units A–C). Figure 8 shows a
simplified stratigraphic column and a labeled version of the TIR-DCS image draped over
the 25 m resolution DEM (obtained from Natural Resources of Canada).

Other

combinations of bands from both ASTER and ETM+ show similar spatial correlations,
but we present the column derived from the ASTER TIR emissivity bands because 1)
these data are the best analog for the Mars Odyssey THEMIS; and 2) the ASTER TIR
emissivity product was the only data set used in this study that was capable of a full
spectral analysis. Correlations between the crater ROI units with the field map and
stratigraphic column are summarized below:
•

ROI unit 1 (“rim rock”) is directly correlated with the Middle Member of the
Allen Bay Formation, which consists predominantly of dolomite. Unit A is the
surface exposure of the Middle Member of the Allen Bay Formation outside of
the crater (Figures 2a and 2b).

•

ROI unit 2 (“wall rock”), in the context of the Haughton geologic map, is
interpreted as exposed wall rock and slumped terrace blocks of the Lower
Member of the Allen Bay Formation and Thumb Mountain Formation. These
exposed formations consist predominantly of limestones from a pre-impact depth
of 500 to 750 m. Due to the regional tilt of ~3–5° to the WSW, limestones of the
Lower Member Allen Bay Formation and the Thumb Mountain Formation (Unit
B) are observable in Figures 2a and 2b and conformably underlie the dolomites of
the Middle Member Allen Bay Formation (unit A).

•

ROI unit 3 (“eastern floor”) is mapped as bright red gypsum-rich layers that
outcrop from underneath the eroded impact melt breccia unit incised by the
Haughton River. The gypsum of ROI unit 3 unequivocally corresponds to
Member A of the Bay Fiord Formation that occurred at a depth of ~1000 m in the
pre-impact target sequence. Isolated spots of gypsum within the impact melt
breccias are interpreted as megablocks of Bay Fiord Formation, but several could
be post-impact hydrothermal deposits [Osinski et al., 2001, 2005a]. Outcrops of
undisturbed gypsum-rich Bay Fiord Formation can be observed just at the eastern
edge of our scene as bright red unit C (Figure 3b).
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•

ROI Unit 4 (“crater moat”) corresponds to the impact melt breccia unit as
observed in the field, proving that this unit is indeed an impact-related unit and
not a coherent subsurface unit exposed by the impact process.

•

ROI Unit 5 (“central uplift”) is interpreted as uplifted limestones of the Eleanor
River Formation based on field studies and its occurrence in the central uplift
[Bischoff and Oskierski, 1988; Osinski and Spray, 2005]. The minimum preimpact depth of the Eleanor River Formation is ~1100 m. Unfortunately, no welldefined exposures of undisturbed outcrops of Eleanor River Formation could be
found in our ASTER scene to compare with the central uplift occurrence of this
unit.

4.6.

Ground Truth: Comparison of Image-Derived Spectra with Haughton

Sample Spectra
Further ground truth of our results was provided by comparing laboratory thermal
emission spectra of whole-rock samples from Haughton to the PPI-IEM spectra (Figures
5a–e). We compared the PPI-IEMs instead of the ROI-averaged spectra, because the
PPI-IEMs theoretically represent pure end-members (i.e., they are analogous to a freshly
extracted sample from an outcrop, but at a 90 m scale), whereas the ROI-averaged spectra
would represent an average of fresh, weathered, and altered surfaces. The Haughton
whole-rock sample spectra were collected using a Nicolet Nexus 670 spectrometer at
Arizona State University, as described in detail by Ruff et al. [1997].
Table 5 lists the samples used in this study and their relative compositions based
on qualitative analyses from the X-ray diffraction (XRD) method of sample powders, or
semi-quantitative analyses using an energy-dispersive spectral analysis (EDS) method
[Osinski, 2004]. Figure 9 compares the lab spectra of these samples (convolved to the
ASTER spectral resolution) with the PPI-IEM spectra.

ROI-averaged spectra were

matched to PPI-IEM spectra. By this association we can link the laboratory spectra of
field samples to the proper ROI-averaged spectra as well. Comparison of the spectra
plotted in Figure 9 confirms both our blind and field-based interpretations. Observations
and interpretations from Figure 9 are summarized below:
35

•

PPI-IEM#1 (matched to ROI unit 3) has the same overall spectral shape and
major absorption feature (Figure 9a) as the spectrum for a hand specimen of
gypsum collected from the Bay Fiord Formation (sample #02-035).

•

PPI-IEM#2 (matched to ROI unit 1) has a major absorption feature (Figure 9b)
that is congruent with the major absorption feature in the spectrum of dolomite
from the Middle Member Allen Bay Formation (sample #00-031). The
differences that can be seen between the sample spectrum and the spectrum of
PPI-IEM#2 (~8.63 µm and 9.08 µm) are likely from spectral contributions that
arise from the addition of quartz, phyllosilicates, or gypsum.

•

PPI-IEM#3 (matched to ROI unit 2 and unit 5) appears to have spectral
contributions from additional quartz, phyllosilicates, or gypsum, as does the
sample of limestone from the Lower Member Allen Bay Formation (sample #00050). The same overall spectral shape suggests a good match despite an offset in
spectral contrast. Due to ASTER spectral resolution, limestone from any
formation (e.g., from the Lower Member Allen Bay and Eleanor River
formations) cannot be spectrally distinguished from another.

•

Although lacking a stronger absorption at 9.08 µm, the spectrum for PPI-IEM#5
(matched to ROI unit 4 “crater moat”) is a sufficient match for the spectrum of a
sample collected from Haughton’s impact melt breccia unit (sample #00-035).
The stronger absorption in the PPI-IEM spectrum at 9.08 µm suggests that quartz
is more abundant in this end-member at a 90 m/pixel scale. This stronger
absorption is likely to arise from a mixture of the breccia unit and surface deposits
that are likely to be rich in weather-resistant quartz.

5.

Applications to Mars
While the utility of TIR and SWIR remote sensing for mapping the surface

composition of Mars is generally recognized, our work on the Haughton impact structure
suggests that it may also be possible to make inferences about Martian subsurface
geology via impact craters. In addition to stratigraphy, an understanding of subsurface
and shallow crust mineral chemistry based on compositional mapping of materials
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exhumed in Martian impact craters would give important additional insight into the
petrogenetic and geologic history of the Martian crust [Tornabene, 2003].
Recent discoveries of extensive layering exposed across much of the planet
[Malin and Edgett, 2000; Edgett and Malin, 2002] imply that significant vertical
inhomogeneities may exist in the Martian crust.

Further direct evidence for

compositional variation in the Martian surface layer comes from the results of the MGSTES instrument, which suggests that there are heterogeneities at a coarse (~3 × 8
km/pixel) spatial resolution [Bandfield et al., 2000; Christensen et al., 2001a, 2001b,
2004; Wyatt and McSween, 2002; Hamilton et al., 2003; Hoefen et al., 2003; Morris et
al., 2004]. TES data reveals two spectral surface regions on a global scale, surface type 1
and surface type 2, which are generally divided along the Martian crustal dichotomy
boundary [Bandfield et al., 2000; Christensen et al., 2000b]. The surface type 1 spectrum
is interpreted to represent a basaltic composition, whereas the spectrum of surface type 2
has been variously interpreted as basaltic andesite-andesite [Bandfield et al., 2000b] or
weathered basalt [Wyatt and McSween, 2002]. Despite the dispute over the interpretation
of surface type 2, basaltic outliers have been observed in the northern lowlands [Rogers
and Christensen, 2003], however these are rare at TES resolutions and the interpretation
of ST2 remains under dispute. A study of crater-excavated materials along the Martian
dichotomy boundary at THEMIS resolutions (100 m/pixel) may provide some insight on
a possible stratigraphic relationship between these two global units or even determine the
best interpretation of this surface unit.
At regional scales, the Mars orbiter camera (MOC) on Mars Global Surveyor has
imaged layering throughout the planet [Malin and Edgett, 2000; Edgett and Malin, 2002],
possibly suggesting petrologic and compositional variations at a local scale. Subsurface
layers of sulfate-rich siliciclastic sedimentary rocks exposed by small craters were
recently imaged and analyzed in situ by the Opportunity Rover. These outcropping
bedrocks occur in the crater wall of the Eagle crater (~20 m in diameter), the Fram crater
(~9 m in diameter), and the Endurance crater (~152 m in diameter) in Meridiani Planum
[Squyres et al., 2004]. These examples demonstrate a need for subsurface lithologic
mapping on Mars in order to understand the petrogenesis and geologic history of the
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Martian crust even at regional scales. This includes any available means to more directly
determine subsurface geology such as a remote sensing study of impact-exposed,
excavated, or uplifted materials. These studies may tell us much about these subsurface
compositions in areas where layers are not otherwise exposed at the surface (e.g., within
valles or fossae).
Despite the success of our terrestrial example presented here, Mars brings
additional challenges that could make identification and mapping of crater spectral units
difficult. In particular, dust and soils on Mars obscure much of the planet’s bedrock
geology, hampering spectral measurements, especially at regional scales [Johnson et al.,
2002c; Ruff and Christensen, 2002]. Nevertheless, areas with low enough dust cover
could allow identification of surface compositions (e.g., [Bandfield et al., 2000]).
Mapping of subsurface compositions exhumed by Martian impact craters may also prove
more challenging than the Haughton example, because the spectra of typical Martian
compositions (e.g., surface types 1 and 2) are not as spectrally distinct as the spectra of
the lithologies at Haughton (i.e., carbonates, sulfates, and siliclastics).

However,

THEMIS does enjoy some advantages over ASTER for compositional mapping of the
surface, which may partially mitigate some of these challenges. THEMIS has access to
more of the TIR spectral range than is available to any Earth-orbiting TIR spectrometer,
because the Martian atmospheric transparency window is somewhat wider (cf. THEMIS
and ASTER in Table 1). THEMIS also makes use of eight bands that image the surface,
as opposed to ASTER’s five, which improves the potential for proper identification and
unmixing of spectra.

6.

Summary and Conclusions
Without the aid of a geologic field map or stratigraphic column, most of the major

units sampled and exposed by the Haughton impact event can be identified and mapped
by remote sensing techniques alone. The lithologies exposed, excavated or uplifted
within the 23 km (apparent) diameter Haughton impact structure can be spectrally and,
via interpretation, lithologically mapped using simple spectral processing techniques.
The regional tilt of the impacted stratigraphy in the vicinity of Haughton conveniently
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offers the means to compare the lithologies exposed by the crater with an undisturbed
target stratigraphic sequence just to the west of the crater. This comparison allowed the
succession of undisturbed units A–C (Figures 2a and 2b) to be directly correlated with the
progression of the manually defined crater morphologic/spectral regions of interest
(ROIs). The average spectra for crater ROI units and pixel purity indexed (PPI) and ndimensional visualizer extracted image end-members (PPI-IEMs) were successfully
matched to both mineral (ASU) and whole-rock (Ward’s) spectral library end-members.
Based on the spectral matching and the defined crater ROI units, a sequence of units was
determined progressing from the shallowest subsurface unit exposed within the rim to the
deepest exposed unit within the central uplift:
•

dolomitic limestone in the “rim”

•

limestone in the wall/terraces

•

gypsum-rich carbonate (eastern floor)

•

limestone in the central uplift
This distribution of the resulting spectral/lithologic units from the processed

remote sensing images compares very well with the most recent geologic map and preimpact stratigraphic sequence of Haughton (Figure 2). Ground truth was provided by
comparing TIR-acquired spectra of well-characterized Haughton hand specimens with
the spectra extracted from the ASTER scene.

These comparisons corroborate our

interpretations of the remote data.
The use of craters as a means to map subsurface lithologies and stratigraphy by
remote spectroscopic studies is demonstrated here. If the regional tilt of the target
sequence was significantly less or nearly zero, Haughton would be completely
surrounded by the dolomite of the Middle Member Allen Bay Formation with the only
subsurface exposure being within valleys and within the excavated and uplifted target
materials outcropping within the crater as a natural “window” into the crust. By using
ASTER and Landsat ETM+ data as analogs for Mars remote sensing instruments, this
study serves as a terrestrial proof of concept that subsurface geology of Mars may be
successfully mapped on Mars via moderately to well-preserved impact craters that are not
obscured by dust or surface deposits. Because tectonics is less pervasive on Mars than
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Earth, impact craters provide the most convenient means to locate, map, and identify the
diverse mineral and lithologic compositions of Martian crust.
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Table 1: Acronyms used in this paper
Acronym
ASTER
AVIRIS
CRISM
DCS
DEM
ETM+
IEM
MNF
nDV
PPI
PPI-IEM
R-G-B
ROI
SAM
SFF
SWIR
SWIR-MNF
TES
THEMIS
TIR
TIR-DCS
VNIR

Meaning
Advanced Spaceborne Thermal Emission and Reflection Radiometer (Earth)
Airborne Visible/Infrared Spectrometer(Earth)
Compact Reconnaissance Imaging Spectrometer for Mars (Mars)
Decorrelation Stretching
Digital Elevation Model
Landsat7 Enhanced Thematic Mapper plus (Earth)
Image derived End-member
Minimum Noise Fraction (a type of principal component analysis)
n-Dimensional Visualizer
Pixel Purity Indexing
Refers to image-derived spectra selected by using a Pixel Purity Indexing algorithm
Refers to the red, blue and green channels that make-up a color image
Refers to a user defined Region of Interest
Spectral Angle Mapper
Spectral Feature Fitting
Short-wavelength Infrared
RGB color-composite image generated by MNF transformation of ASTER SWIR bands 2, 1 and 6.
Thermal Emission Spectrometer (Mars)
Thermal Emission Imaging System (Mars)
Thermal infrared
RGB color-composite image generated by a DCS of ASTER TIR bands 14, 12 and 10.
Visible-Near Infrared
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Table 2: Terrestrial and Martian instrument characteristics
Landsat 7 ETM+
Band Center (µm)
1
0.485
2
0.560
3
0.660
4
0.830
Pan
0.52 - 0.90

Res. (m)
30
30
30
30
15

5
7

1.650
2.215

30
30

6

11.450

60
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ASTER
Band
1
2
3N
3B

Center (µm)
0.556
0.661
0.870
0.870

Res. (m)
15
15
15
30

4
5
6
7
8
9

1.656
2.167
2.209
2.262
2.336
2.400

30
30
30
30
30
30

10
11
12
13
14

8.291
8.634
9.075
10.657
11.318

90
90
90
90
90

Table 2 continued
THEMIS
Band
1
2
3
4
5

Center (µm)
0.425
0.540
0.654
0.749
0.860

Res. (m)
19
19
19
19
19

1
2
3
4
5
6
7
8
9
10

6.780
6.780
7.930
8.560
9.350
10.210
11.040
11.790
12.570
14.880

100
100
100
100
100
100
100
100
100
100

OMEGA
Band
1
.
.
.
.
352

Center (µm)
~0.350
.
.
.
.
~5.100

Res.
300 m. - 5 km
.
.
.
.
300 m. - 5 km

CRISM
Band
1
.
.
.
.
560

VNIR – plain text; SWIR – italics; Mid-IR – italics and bold; TIR – bold text
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Center (µm)
~0.400
.
.
.
.
~4.050

Res. (m)
18
.
.
.
.
18

Table 3: Haughton impact structure spectral unit colors and matched compositions from SAM and SFF analyses
Units
ROI | PPI
1|2
2|3
3|1
4|4
5|3

Location
Impact-affected units
Rim
Wall/Terraces
Eastern Floor
Crater Moat
Central Uplift

MNF SWIR
Color
M
A
R
B
A

DCS TIR
Color
BG
YG
R
P
YG

Ward's Rocks
Dolomitic LS
Cherty LS
Rock Gypsum
Graphite Schist
Cherty LS

2|3
3|1
4|4

Wall/Terraces
Eastern Floor
Crater Moat

A
R
B

YG
R
P

Cherty LS
Rock Anhydrite
Cherty LS

A
B
C
D

Undisturbed units
Surrounding Plains
East of structure
East and lower than B
Low-lying unit (valleys)

M
A
R
B

BG
YG
R
P

Dolomitic LS
Cherty LS
Rock Gypsum
Graphite Schist

PPI 5

Spectral matches from SAM and SFF
SAM (ROI | PPI)
ASU Minerals
0.991 | 0.988
Dolomite C28
0.989 | 0.973
Calcite ML-C10
0.980 | 0.978
Gypsum ML-S6
0.996 | 0.995
Magnetite WAR-0384
0.991 | 0.973
Calcite ML-C10
SFF (ROI | PPI)
1.000 | 1.000
0.902 | 0.891
Gypsum (Alabaster)
1.000 | 1.000

SAM (ROI | PPI)
0.990 | 0.990
0.984 | 0.980
0.928 | 0.938
0.995 | 0.992
0.983 | 0.980
SFF (ROI | PPI)
0.984 | 0.966

SW of Haughton
RO
LG
Siltstone
0.996
Colors: M: Magenta; A: Aqua; R: Red; B: Blue; RO: Reddish-ornage; BG: Blueish-green; YG: Yellowish-green; P: Pink; LG: Lime-green
b
LS denotes a limestone
c
Italic items pertain to the undisturbed target sequence or units outside thereof
a
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Table 4: Root mean square (RMS) statistics from the whole-image deconvolution of Haughton and surrounding terrain
Spectral end-members
PPI image end-members
User selected ROI spectral end-members
ASU mineral end-members
Ward's whole-rock end-members

Min
0.0000
0.0001
0.0000
0.0000
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Max
0.1494
0.0307
1.1044
0.1302

Mean
0.0058
0.0041
0.0044
0.0062

1σ Std dev
0.0025
0.0025
0.0030
0.0054

Table 5: Qualitative and semi-quantitative compositions of samples from Haughton and surrounding country rock
Samples
02-035
00-031
00-050
00-035

Formation
Bay Fiord
Middle Allen Bay
Lower Allen Bay
Haughton Impact-melt breccia

Mineral composition
Gypsum and Anhydrite
Dolomite with minor calcite and quartz
Calcite with minor dolomite and quartz
~28 vol% calcite groundmass
~25 vol% glass groundmass
~47 vol% clasts:
dolomite >> limestone, sandstone, shale, crystalline
basement
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Figure 1: Location Map of the Haughton Impact Structure. The Haughton Impact
Structure is centered at 75°22′N, 89°41′W on the western part of Devon Island, in the
High Canadian Arctic Archipelago, Nunavut Territory (courtesy of Google Earth).
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Figure 2: Geologic map and stratigraphic column of the Haughton Impact structure. (a)
A simplified geological map of the Haughton impact structure, after Osinski [2004].
Lithological data beyond a 15 km radial distance from the center of the structure is from
Thorsteinsson and Mayr [1987].

54

Figure 2 (continued): (b) Stratigraphic column showing the reconstructed target
sequence at the Haughton impact structure compiled with data from Thorsteinsson and
Mayr (1987) and modified by Osinski (2004).
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Figure 3: SWIR and TIR spectral maps of the Haughton Structure. (a) ASTER SWIR
minimum noise fraction (MNF) color composite image using MNF transformed bands 2,
1, and 6 in RGB. (b) ASTER TIR decorrelation stretched (DCS) color composite image
using bands 14, 12, and 10 in RGB of the Haughton impact structure and surrounding
area. Capitalized letters A, B, and C denote three spectral units of the undisturbed target
sequence. Unit D is not part of the undisturbed target sequence, but is noted as a unique
spectral unit mapped within the scene. Gray and black areas in (a) and (b), respectively,
are masked out areas of ice, snow, water, and clouds. (c) A close-up of the ASTER SWIR
MNF image from (a), and (d) a close-up of the ASTER TIR DCS image in (b)
superimposed on a 25 m resolution DEM with a vertical exaggeration of 10×. Numbers
1–5 denote crater ROI spectral units (ROI 1 = rim rock, 2 = wall rock, 3 = eastern floor, 4
= crater moat and 5 = central uplift). The colors representing the undisturbed target
sequence units A, B, C correlate with the crater ROI units 1, 2, and 3. ROI unit 4 (“crater
moat”) is spectrally similar to Unit D. The DEM was provided by the Natural Resources
of Canada.
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Figure 4: ETM+ band ratio images with a 2% linear stretch. (a) A band 5/band 7 image highlighting pixels that are strongly
influenced by absorptions arising from the presence of carbonates, phyllosilicates, and hydrothermal alteration minerals. (b) A
band 3/band 2 image sensitive to the presence of any ferric iron (Fe3+)-bearing surface composition. Image (a) DN range:
1.067-1.365; image (b) DN range: 1.247–1.741.
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Figure 5: Unconvolved TIR spectra collected by Arizona State University’s Nicolet
Nexus 670 spectrometer of whole-rock (Ward’s = dashed) and mineral library spectral
end-members (ASU = solid). These two plots show the Ward’s and ASU spectral
matches for ASTER emissivity spectra extracted from the Haughton scene. (a) Over the
full spectral range and spectral resolution of the laboratory spectrometer. (b) Over just the
spectral range corresponding to ASTER’s TIR channels (also shown as the shaded area in
[a]). Spectra in both (a) and (b) are offset for clarity. Tick marks represent 0.125 and 0.05
emissivity values for (a) and (b), respectively.
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Figure 6: A comparison of ASTER TIR image end-member (IEM) (solid lines) and ROIaveraged spectra (dashed lines) with the best-matching mineral and whole rock spectra
from the ASU and Ward’s spectral libraries derived from SAM and SFF classification.
Library spectra were convolved to the ASTER TIR band passes (solid lines) for
comparison. (a) Average spectra for PPI-IEM#1 and crater ROI unit 3 (“eastern floor”)
compared to the spectra for Gypsum ML-S6 and rock gypsum. (b) Average spectra for
PPI-IEM#2 and crater ROI unit 1 (“rim rock”) compared to the spectra for Dolomite C28
and a dolomitic limestone. (c) Average spectra for PPI-IEM#3, crater ROI unit 2 (“wall
rock”) and crater ROI unit 5 (“central uplift”) compared to the spectra for calcite MLC10 and a cherty limestone.
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Figure 6 (continued): (d) The average spectrum for PPI-IEM#4 compared to the spectra
for shale and siltstone. (e) The average spectrum for PPI-IEM#5 and crater ROI unit 4
(“crater moat”) compared to the spectra for magnetite WAR-0384 and a graphite schist.
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Figure 7: Whole-image deconvolution of a subset of the ASTER scene covering the
Haughton impact structure and surrounding area. Black and white color ramp/scale
numbers represent the percentage of end-member present in each pixel. (a) Rock gypsum
end member image. (b) Dolomitic limestone end-member image. (c) Cherty limestone
end-member image. (d) Siltstone end member image. (e) Blackbody end-member image.
In all cases, bright areas indicate higher concentrations of the appropriate end-member.
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Figure 8: Spectrally-derived lithologic map and stratigraphic column of the Haughton
impact structure. This figure was created from the results of the spectral analysis and
from the comparison between the ASTER DCS image with both the geologic map and
stratigraphic column from Figure 1. Numbered areas on the image represent the
respective crater ROI unit numbers, with increasing numbers corresponding to increasing
stratigraphic/excavation depth. Dark blue-green ROI unit 1 (“rim rock”) = dolomite from
the Middle Member of the Allen Bay Formation; yellow-green crater ROI unit 2 (“wall
rock”) = limestones of the lower member Allen Bay and Thumb Mountain (Mtn.)
Formation (pre-impact depth of 500 and 700 m, respectively); red crater ROI unit 3
(“eastern floor”) = gypsum from the Bay Fiord Formation (pre-impact depth of ~1000
m); and yellow-green crater ROI unit 5 (“central uplift”) = cherty limestone from the
Eleanor River Formation (pre-impact depth range of ~1100 m). The pink crater ROI unit
4 (“crater moat”) unequivocally corresponds to the Haughton impact melt breccia unit as
mapped in the field. The DEM was provided by Natural Resources of Canada; the
vertical exaggeration was set to 10X.
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Figure 9: Laboratory-measured thermal infrared spectra of Haughton whole-rock
samples convolved to ASTER TIR band passes comparison to image-derived endmember spectra (PPI-IEMs) from the ASTER TIR emissivity data product. (a) A plot of
the average spectrum for PPIIEM# 1 and a sample spectrum of gypsum from the Bay
Fiord Formation (sample #02-035). (b) A plot of the average spectrum for PPI-IEM#2
and a sample spectrum of dolomite from the Middle Member Allen Bay Formation
(sample #00-031). (c) A plot of the average spectrum for PPI-IEM#3 and a sample
spectrum of limestone from the Lower Member Allen Bay Formation (sample #00-050).
(d) The average spectrum for PPI-IEM#5 and a sample spectrum of an allochthonous
impact melt breccia (sample 00-035).
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Part 3
Geologic and Stratigraphic Mapping Using Surface and Crater-Exposed Bedrock:
Isidis Basin, Mars
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This chapter is a reformatted version of a paper by the same name in preparation for the
Journal of Geophysical Research - Planets by Livio L. Tornabene, Jeffrey E. Moersch,
Harry Y. McSween Jr., Victoria E. Hamilton, Jennifer L. Piatek, and Philip R.
Christensen.
Tornabene, L. L., J. E. Moersch, H. Y. McSween Jr., V. E. Hamilton, J. L. Piatek and P.
R. Christensen (in prep.), Geologic and stratigraphic mapping using surface and craterexposed bedrock: Isidis Basin, Mars, J. Geophys. Res., XXX, XXXXXX,
doi:10.1029/200XJE002XXX.

Abstract
Impact cratering is one of the most fundamental, energetic and ubiquitous
geologic processes acting on the solid planetary bodies in our solar system. On Mars,
bedrock exposures within craters are more abundant than those exposed by other geologic
processes. As a consequence, the remote sensing of Martian craters is an effective means
for mapping subsurface geology. Craters occurring within the relatively-dust free areas
of the Isidis Basin were mapped using data from the Thermal Emission Imaging System
(THEMIS). Four THEMIS spectral surface units were mapped progressing from Libya
Montes to the inner plains of Isidis Planitia. Lithologic determinations of the THEMISdefined Isidis units were made by spectral analysis of hyperspectral Thermal Emission
Spectrometer (TES) data. An olivine-rich unit previously detected with TES in Southern
Isidis has been extensively mapped with THEMIS and is now recognized to correlate
with a well-documented high thermal inertia unit. Based on stratigraphic relationships
interpreted from both crater-exposed and surface expressions of the Isidis
spectral/lithologic units, the olivine-rich unit was determined to have formed subsequent
to the Isidis Basin forming event. The best interpretation of the olivine-rich unit is that it
represents Noachian- to Hesperian-age olivine-rich or picritic lavas that erupted from the
early stages of volcanism from Syrtis Major, and possibly Tyrrhena Patera.

These

primitive lavas are suggested to have filled the basin, based on crater-exposed
occurrences, and were subsequently buried by olivine-poor materials (interpreted as less
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fractionated basaltic lavas). Later, these lavas were exposed by erosion and subsequent
impacts into the basin. This study demonstrates that, in conjunction with surface
mapping, that the remote sensing of impact craters can be a potent mapping tool for
understanding stratigraphy and the petrogenesis of the Martian crust.

1.

Introduction
With recent improvements in the spatial resolution of spectral instruments on

Mars-orbiting spacecraft, it is now possible to map not only the Martian surface in greater
detail, but also subsurface bedrock uplifted and exposed at the surface. Unfortunately,
large bedrock exposures, although present in some limited areas (e.g., Ares Valles
[Rogers et al., 2005], Nili Fossae [Hoefen et al., 2003; Hamilton et al., 2003; Hamilton
and Christensen, 2005], Valles Marineris [Christensen et al., 2003], etc.) are uncommon
on Mars. This conclusion is supported by rock abundance and thermal inertia studies
from orbit spanning the Viking era [e.g., Palluconi and Kieffer, 1981; Christensen, 1986]
to the present [Mellon et al., 2000; Jakosky et al., 2000, Putzig et al., 2005]. Fortunately,
impact craters are abundant on Mars and provide numerous exposures of subsurface
lithologies.

Therefore, stratigraphy and subsurface geology can be understood by

mapping impact craters using high-resolution datasets. This is especially true in the case
of relatively recent impacts, which may expose rocks unaffected by alteration and/or
surface coatings [e.g., Haskin et al., 2005]. With the multi- and hyperspectral imaging
instruments currently in Mars orbit, such as the Thermal Emission Imaging System
(THEMIS) [Christensen et al., 2004], the Observatoire pour la Minéralogie, l’Eau, les
Glaces, et l’Activite (OMEGA) [Bibring et al., 2005], and the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) [Murchie et al., 2003], detailed spectral
mapping of surface features, including impact-exposed lithologies, is possible.
Several studies have specifically used impact craters as a subsurface mapping tool
on the Moon [e.g., Tompkins and Pieters, 1999] and Earth [Tornabene et al., 2005].
While several Martian-based studies have recognized craters to expose unique materials
from the subsurface [Bandfield et al., 2004a; Bibring et al., 2005; Christensen et al.,
2005a; Rogers et al., 2005; Bandfield, 2006]. Tompkins and Pieters [1999] studied
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crustal heterogeneity revealed by numerous craters on the Moon and suggested that some
craters may have tapped plutons intruding the lunar crust. Tornabene et al. [2005] used
multispectral remote sensing data of the Haughton impact structure to reconstruct
subsurface litho-stratigraphy.

Using THEMIS and Thermal Emission Spectrometer

(TES) data, Bandfield et al. [2004a] mapped a quartzofeldspathic unit flanking the central
uplifts in two large craters in Syrtis Major and interpreted it to be an exposure of a much
larger granitoid intrusion [Bandfield et al., 2004a; Christensen et al., 2005a; Bandfield,
2006]. Also using THEMIS and TES data, Rogers et al. [2005] mapped olivine-rich
units in Ares Valles and within the exposed walls and ejecta of Taytay crater on the
plains around Ares Valles. Bibring et al. [2005] identified olivine-rich aeolian deposits
within Mie crater and two smaller neighboring craters.

They concluded that these

materials, although clearly post-impact deposits, were derived from the subsurface as
there are no clear sources exposed on the surface within reasonable aeolian transport
distances.
As an example that specifically uses impact craters and scaling relationships as a
subsurface mapping geologic tool, we present a THEMIS-based case study of several
impact craters that occur within the plains (Isidis Planitia) and on the terraced southern
rim complex (Libya Montes) of the Isidis Basin. The impact craters in Isidis literally add
a new dimension to spectral-lithologic mapping, which may be useful towards
determining the petrogenesis of the surface units mapped at local and regional scales.
1.1.

Background and Geologic Setting
The Isidis Basin (centered at approximately 87.5°E and 13°N) is one of largest

relatively well-preserved impact basins on Mars [e.g., Wilhelms, 1973; Schultz and Frey,
1990]. The floor of the basin (Isidis Planitia) is approximately ~1090 km in diameter
with an elevation range of approximately -3880 to -3660 meters (relative to Mars datum)
and a tilt of ~0.02º to the southwest [Frey et al., 2000]. The Isidis Basin lies in direct
contact with four major geographic provinces that have likely influenced the geologic
history of the basin. These are: Syrtis Major Planum to the WSW, the Utopia Planitia
basin to the NNE, the lavas of Amenthes Planum to the SE, and the Southern highlands
(i.e., Libya Montes) to the south. Isidis is also unique among the largest Martian impact
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basins as it straddles the margin of the Martian crustal dichotomy (Figure 1a). The
apparent inner rim has a diameter of ~1100 km [Schultz and Frey, 1990; Frey et al.,
2000], and is subdued or degraded in the NE—likely a consequence of the formation and
infilling of the Utopia Basin [Tanaka et al., 2000; McGowan and McGill, 2006]. Annular
concentric faults (i.e., Nili and Amenthes Fossae) and topographic breaks may extend the
basin an additional ~800 km in diameter, giving the structure an overall apparent
diameter of ~1900 km [Schultz and Frey, 1990; Frey et al., 2000]. The WSW and SE
inner rims have been infiltrated and superimposed by lavas from Syrtis Major and
Amenthes Planum (Figure 1a).
Isidis possesses the largest and most well-developed positive-mass anomaly
associated with an impact basin [Sjogren, 1979; Solomon et al., 1983; Smith et al., 1999].
This positive gravity anomaly is surrounded by a well-defined negative mass, similar to
lunar mascons [e.g., Sjogren et al., 1974]. These anomalies are likely the result of a
combination of crustal thinning and either uplift of deeply seated dense rocks [Solomon et
al., 1983; Zuber et al., 2000] or basin infilling from volcanic and/or sedimentary
materials. The emplacement of these lavas over the WSW and SE rim provides strong
morphologic evidence that lavas have contributed to the infilling of the interior basin and
support the hypothesis that the positive gravity anomaly may be volcanic in origin
[Craddock, 1994; Tanaka et al., 2000; Zuber et al., 2000; Head et al., 2002; Ivanov and
Head, 2003; Hiesinger and Head, 2004].
Another unique feature of Isidis is the most recent deposits on the basin floor,
which are characterized by the presence of small (sub-kilometer-sized) conical mounds
that occur in isolation or more commonly as arcuate ridges of linked mounds. These
features have been the focus of several studies and much debate with respect to their
origin [e.g., Frey and Jarosewich, 1982; Greeley and Guest, 1987; Grizzaffi and Schultz,
1989; Tanaka et al., 2000; Parker et al., 1989, 1993; Head et al., 2002; Bridges et al.,
2003; Ivanov and Head, 2003].
Using visible/near-infrared data from the Phobos 2 Imaging Spectrometer for
Mars (ISM), Mustard et al. [1993] mapped the relative abundances of ferrous and ferric
iron-bearing surface materials over the Syrtis-Isidis-Libya Montes region. This spectral
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analysis revealed that Isidis Planitia and Libya Montes coincide predominantly with
relatively high ferric absorptions and that Syrtis Major and its lavas coincide with ferrous
absorptions. Ferrous zones on the plains of Isidis have been interpreted by Crumpler and
Tanaka [2003] to represent: 1) lava incursions from Syrtis [Crumpler and Tanaka, 2003;
Tanaka et al., 2005], or 2) fresh, relatively unaltered subsurface materials (possibly older
lavas from Syrtis) that have been covered and subsequently exposed by intense
channeling in Libya Montes and/or possibly by two relatively young impact craters.
Additional spectral mapping with TES detected olivine concentrations of ~12%
[Hamilton et al., 2003] with a spectral match to laboratory-collected spectra of olivine
ranging in composition from Fo40 to Fo60 [Hoefen et al., 2003]. The area mapped by TES
as having high olivine abundance appears to coincide with the area of relatively high
ferrous absorption mapped by Phobos 2. The same area has also been recently mapped as
olivine-bearing with visible/near infrared data from OMEGA [Mustard et al., 2006].
The Isidis Basin had recently garnered considerable attention as one of three
possible landing sites for the Mars Pathfinder mission [e.g., Craddock et al., 1994; Slade
et al., 1994], one of four possible landing sites for the Mars Exploration Rovers (MER)
mission [e.g., Golombek et al., 2003; Christensen et al., 2005b], and the selected landing
site for the European Space Agency’s Beagle 2 lander [Bridges et al., 2003]. Isidis is
attractive for a surface mission because of its high density of channeled valley networks
associated with the Libya Montes region (i.e., the rim complex of the basin). Moreover,
there appears to be a close association between the valley networks and one of the highest
large-scale thermal inertia (TI) units on the planet [e.g., Putzig et al., 2005], which occurs
within the topographic break between the rim complex and the basin floor (Isidis high TI
unit) [Christensen et al., 2005b]. This has led to the suggestion that the valley networks
were a means of transporting and depositing materials shed from one of the oldest
highlands regions on Mars (i.e., Libya Montes) [e.g., Bridges et al., 2003; Crumpler and
Tanaka, 2003] and that these materials account for the Isidis high TI unit [Palluconi and
Kieffer, 1981; Mellon et al., 2000; Jakosky et al., 2000; Putzig et al., 2005; Jakosky et al.,
2006].

However, studies of higher-resolution THEMIS brightness temperature (TB)
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images [Christensen et al., 2005b] and THEMIS-derived TI [Jakosky et al., 2006]
suggest that recent aeolian activity may be responsible for the Isidis high TI unit.

2.

Approach
We address several remaining unanswered questions from previous studies of

Isidis via a synthesis of high spatial resolution spectral/lithologic mapping by combining
data from multispectral THEMIS data and hyperspectral TES data. These data were used
in conjunction with other Martian datasets to determine the thermophysical properties of
spectral/lithologic units and the amount of spectrally limiting dust cover. Visible images
proved useful toward determining the morphology, textures, relative brightness, and
geologic relationships between spectral/lithologic units.

Further constraints on the

occurrence and stratigraphic relationships of units were sought from Digital Elevation
Models (DEMs) and from crater scaling relationships.
All datasets described here were accessed, viewed and overlain on one another
using the Environment for the Visualization of Images (ENVI) or JMars [Gorelick et al.,
2003] for a rapid assessment of the data. JMars is a java-based data analysis software
tool developed at Arizona State University. Color-composite images were overlain on
grayscale images of similar resolution or higher using a Hue, Saturation and Value (HSV)
algorithm (where hue and saturation are provided by the color image and value is
intensity derived from the base grayscale image).
2.1.

Datasets
THEMIS is a multi-spectral “pushbroom” imager composed of two cameras: one

with 9 bands centered over TIR wavelengths between 9 and 15 µm and the other with 5
bands centered over the visible/near-infrared (VNIR) wavelengths between 0.425 and
0.860 µm [Christensen et al., 2004].

The infrared camera possesses a sampling

bandwidth of ~1 µm with VNIR camera having a sampling of ~0.05 µm. From the
nominal mission orbit, these instruments possess a ground resolution of ~100 m/pixel and
~18 m/pixel, respectively. The ground swath-widths of the images are ~32 km and ~18.4
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km, respectively. For a more complete description of the instrument see Christensen et al.
[2004], and for a summary of the primary mission results see Christensen et al. [2003].
The Thermal Emission Spectrometer (TES), aboard the Mars Global Surveyor
(MGS), consists of a Fourier transform Michelson interferometer with 143 bands that
sample over a wavelength range of 1700 to 200 cm-1 (~6 to 50 µm) at a selectable
sampling interval of 10 or 5 cm-1. This instrument collects spectra from the surface at a
sampling of ~3 x 8 km. For a more detailed description of the instrument see Christensen
et al. [1992], and for a summary of the primary mission results see Christensen et al.
[2001].
Additional datasets used here are the Viking Mars Digital Model version 2.0
(MDIM2) [Kirk et al., 2000], the Mars Orbiter Camera (MOC) [Malin and Edgett, 2001],
Mars Orbiter Laser Altimeter (MOLA) [Smith et al., 2001], and the Mars Odyssey’s
THEMIS visible imager [Christensen et al., 2004]. MDIM 2.0 possesses a moderate
spatial resolution of ~230 m/pixel. The more recent data from MOC provide both very
high resolution and moderate resolution context images. MOC consists of a narrowangle and two wide-angle imaging systems. The narrow-angle (NA) system provides
images ranging from ~1.5-20 m/pixel spatial resolutions with a typical image swath
width of ~3 km, while the primary wide-angle (WA) system provides context images for
the NA camera with a nominal resolution of ~230 m/pixel. THEMIS VIS images at ~1836m/pixel provided a link between these high-resolution NA-MOC images and moderateresolution context images from Viking MDIM2 and WA-MOC.
Bolometric albedo from TES at ~7.5 km/pixel, the TES-derived Dust Cover Index
(DCI) [Ruff and Christensen, 2002] at ~3 x 8 km/pixel and the TES-derived quantitative
TI at ~3 km/pixel [Putzig et al., 2005] were also used to assess the thermophysical
properties for each spectral/lithologic unit and to determine if the units are dust-covered.
THEMIS TB images were used to provide relative thermal inertias at ~100 m/pixel [e.g.,
Christensen et al., 2005b]. All THEMIS products (e.g., spectral maps and TB images)
were draped and co-registered to the standard 128 ppd (~470 m/pixel) gridded MOLA
Digital Elevation Model (DEM) for the purposes of rendering these images into 3D
topographic images.
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2.1.1. Crater Scaling Equations
Crater scaling relationships [e.g., Maxwell, 1977; Grieve et al., 1981; Ivanov et
al., 1982; McKinnon and Schenk, 1985; Melosh, 1989; Kring, 1995; Grieve and
Pilkington, 1996; Garvin and Frawley, 1998; Garvin et al., 2003; Grieve and Therriault,
2004] were used in conjunction with the MOLA DEM to determine the approximate
“sampling” depth of crater excavation (i.e., depth of material sampled and ejected from
the crater) and the amount of vertical displacement within the central uplift feature (e.g.,
peak, peak pit, etc). The final or “apparent” diameter, Da, of a crater was used to estimate
the transient crater diameter, Dt, which is required to estimate the maximum depth of
excavation of crater ejecta, de. Based on Maxwell’s Z-model of excavation flow fields
[Maxwell, 1977; Pike, 1980; Grieve et al., 1981; Melosh, 1989], de is defined as:
d e ! 0.1 D t

(1)

There are several models that relate the size of the transient cavity to Da [Maxwell, 1977;
Grieve et al., 1981; Croft, 1985; McKinnon and Schenk, 1985; Melosh, 1989; Kring,
1995]. The Croft [1985] equation is the most versatile, as it includes a parameter for the
simple-complex transition diameter, which varies from body to body. However, even
when adjusting this equation for the Martian simple-complex transition diameter [Garvin
and Frawley, 1998; Garvin et al., 2000], the model overestimates de on the basis of
measurements of the final depth of these craters using the MOLA DEM. The final depth
of the transient cavity is 1/3 excavation and 2/3 downward and outward displacement of
the expanding transient cavity during the excavation stage [e.g., Melosh, 1989].
Therefore, de should not be on the order of the final depth even when taking into account
modification and post-impact infilling. Other equations by Melosh [1989], McKinnon
and Schenk [1985], Kring [1995] and Abramov and Kring [2005] for de overestimate with
de by either being nearly equal to or greater then the final depths of craters in this study.
As a consequence, we use a conservative estimate for the transient cavity diameter
[Grieve et al., 1981; Melosh, 1982], which provides a lower limit for both the transient
cavity and de:
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D t ! 0.5 to 0.7 D a

(2)

The lower limit of the Croft [1985] equation and the estimate presented by McKinnon
and Schenk [1985] are reasonably consistent with estimates from equation (2) and, more
importantly, they do not exceed the final depths of the craters in this study.
In addition to crater ejecta, complex craters have central uplifts, usually in the
form of central peaks, which tap the deepest sources sampled [e.g., Lana et al., 2003].
The theoretical maximum sampling depth of any complex crater, based on the occurrence
of a central uplift, is approximately one-tenth the apparent crater diameter [Ivanov et al.,
1982]. However, based on data from over 24 terrestrial impact structures, Grieve and
Pilkington [1996] derived the following empirical relationship to estimate the amount of
vertical displacement, or stratigraphic uplift (SU), in a central uplift feature:

SU = 0.086 D a

1.03

(3)

In some cases, a unique spectral/lithologic unit may only be clearly exposed in the
crater rim. In such a case, a rough estimate of rim uplift may be approximated from
using both calculated and measured rim heights (hR). The simple crater equation for hR,
based on an empirical relationship derived by Garvin et al. [2003], is

h R = 0.04 D a

0.31

(4)

0.84

(5)

and for complex craters the equation is

h R = 0.02 D a

There are three major problems with using hR to estimate rim uplift, as any given crater’s
final rim height can be the result of the following phenomena: 1) the portion of hR that
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results from the formation of an overturned flap, 2) the augmentation of hR arising from
multiple breccia and impact melt dike injections into the transient crater wall, and 3)
subsequent erosion and depression of the hR over geologic time. The amount of uplift
resulting from the overturned flap can be approximately accounted for by halving the hR
estimates from equations (4) and (5) [e.g., Melosh, 1989]. Unfortunately, there is no
clear way to account for the additional hR from dike injection as these features are
obscured from view in most craters. Rough estimates of the amount of erosion can be
obtained by comparing calculated values of hR to measured values of hR taken from
MOLA.
2.2.

THEMIS Corrections, Analysis and Techniques
The systematic errors that introduce the noise and radiance errors in THEMIS IR

data described by Christensen et al. [2004] were removed before data archiving by a
web-based interface referred to as THEMIS Process or THMPROC.

Uncalibrated

radiance images were generated and map projected using either a sinusoidal or a simple
cylindrical projection via the THEMIS team processing web interface (THMPROC http://thmproc.mars.asu.edu/).

Calibrated radiance images were generated using a

constant radiance offset that was derived using an adaptation by Piatek et al., 2004;
Piatek and Moersch, 2006] of the Bandfield et al. [2004b] method to account for
contributions from down-welling radiance. Prior to spectral mapping and other analyses,
the THEMIS corrected radiance was converted by a temperature-emissivity separation
algorithm (Gillespie [1985] and Realmuto [1990]) into an “apparent” emissivity image
and a grayscale THEMIS daytime (dTIR) TB image.

This technique theoretically

removes the temperature dependence inherent in radiance images. Band 3 (7.9 µm)
typically has a high emissivity in geologic materials, and therefore was often the highest
derived TB. The result is that band 3 is usually the band set to an emissivity of 1 by the
process described above and will not contain much surface information.
Apparent emissivity contains contributions from both the surface and the
atmosphere. These non-surface components, which are multiplicative in nature, include
atmospheric absorptions and other possible instrumental effects. True surface emissivity
was derived by applying a TES “boot-strap” correction [after Bandfield et al. 2004b] to
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the apparent emissivity data. Because part of the THEMIS bands 1 and 2 (6.8 µm)
bandpass lies outside the TES spectral range, the THEMIS bands 1 and 2 values were
measured relative to an assumed scene-averaged emissivity of 1. As a consequence, any
description or interpretations based on bands 1 and 2 are presented in a relative sense.
Decorrelation Stretching (DCS) [Gillespie et al., 1986] and a Minimum Noise
Fraction algorithm (MNF) [Green et al., 1988] were used to make a rapid assessment of
spectral variability within a THEMIS corrected emissivity cube. ASU currently provides
4-panel “quicklook” images for all THEMIS dTIR scenes with an average temperature
>220 K (http://themis-data.asu.edu/). These four-panel images consist of three DCS
stretched color-composite images (bands 8-7-5, 9-6-4, and 6-4-2 in R-G-B) and a dTIR
TB image for geologic context.

These images were used to make the preliminary

assessment of the spectral variability present within the Isidis Basin.
2.3.

TES Corrections, Analysis and Techniques
Using the THEMIS spectral maps as a base map, TES data were collected from

each THEMIS-based spectral unit and carefully examined before and after atmospheric
corrections were applied. The longitude values associated with the TES data were shifted
0.271 to the east to ensure proper co-registration with THEMIS and other more recent
datasets that are now referenced to the IAU/IAG 2000 prime meridian. Only TES data
from MGS mapping orbits up to 5703 were used because noise introduced into the data
near 1000 cm-1 (10 µm) from spacecraft vibrations after this orbit [Bandfield, 2002;
Hamilton et al., 2003; Rogers et al., 2005] confound spectral determinations . In most
cases, only TES pixels with a DCI of ≥0.965 were used. DCI is simply the average TES
emissivity over the range 1400 to 1350 cm-1 (~7.14 – 7.41 µm). High DCIs are used to
minimize the contributions for surface dust [Ruff and Christensen, 2002], i.e., higher DCI
values correspond to lower spectral contributions from surface dust.

Lower dust

contributions were essential for proper linear deconvolution analyses of the true, nondusty surface components.
TES pixels were closely examined for subtle but systematic spectral signatures
prior to atmospheric correction. Spectral ratios from spectra acquired within the same
orbit were utilized to isolate these unique spectral signatures.
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Spectral ratios were

calculated by dividing an averaged TES spectrum from an area of interest by an averaged
spectrum taken from adjacent areas of the surface. This technique has been successfully
used to divide out similar atmospheric and surface components and thereby isolate unique
spectral features on the Martian surface [e.g., Ruff and Christensen, 2002; Christensen et
al., 2003; Hamilton et al., 2003; Hoefen et al., 2003; Bandfield et al., 2004a; Rogers et
al., 2005]. The technique has also been used with some success using the 9-band
THEMIS emissivity data [Hamilton and Christensen, 2005].
After this preliminary spectral analysis, an atmospheric-surface emissivity
separation was performed using a least squares fit linear retrieval algorithm [Ramsey and
Christensen, 1998] that references a TES-derived spectral end-member library, consisting
of atmospheric dust, water-ice and the global surface end-members (i.e., Surface Type 1
[ST1], Surface Type 2 [ST2] and average Martian high-albedo surface (i.e., surface dust)
[Bandfield et al., 2000a; 2000b; Bandfield, 2002; Bandfield and Smith, 2003].

A

blackbody spectrum was also included in the library to account for differences in spectral
contrast between the spectral library end-members and spectral components of the
unknown TES spectra being deconvolved. For further details on these techniques see
Bandfield et al. [2000b] and Smith et al. [2000].
The linear deconvolution algorithm can also be used to further understand
atmospherically corrected TES spectra. The algorithm is used here to approximate the
mineral modal abundances for THEMIS-defined spectral units of sufficient areal extent
(i.e., coverage of ≥6 TES pixels).

This linear deconvolution algorithm proved to

successfully estimate modal mineral abundances from lab collected TIR spectra of rock
samples within 5-10% of optically determined abundances [Feely and Christensen, 1999;
Christensen et al., 2000a; Wyatt et al., 2001; Hamilton et al., 2001]. Convolving the
laboratory-collected spectra to TES spectral resolutions increases this uncertainty by 5%
[Hamilton et al., 2001]. Therefore, TES uncertainties range from ~10-15% by volume.
The mineral spectral end-member library used here is almost identical to the end-member
set used by Rogers et al. [2005] with the following additional end-members: opal-A and
saponite from Michalski et al. [2004, 2005], and hematite BUR-2600 replaced with the
TES-derived average Martian hematite of Glotch et al. [2005].
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These additional

components are deemed likely surface components and have improved the deconvolution
results of Martian surface units characterized with TES [Michalski et al., 2004, 2005;
Glotch et al., 2005]. For more details on the remaining end-members chosen from the
ASU spectral library [Christensen et al., 2000c], see Table 1 in Rogers et al. [2005].
Because of the spectral range used for the linear deconvolution method for the
atmospheric-surface emissivity separation (1301 to 233 cm-1; ~7.69-43 µm) and the
absorption of Martian atmospheric CO2 (800 to 500 cm-1; ~12.5-20 µm), the Si-K glass
spectrum in the Rogers library is grossly similar to other the spectra of high-silica
secondary minerals, coatings, amorphous silica and rinds [Bandfield, 2002; Wyatt and
McSween, 2002; Kraft et al., 2003; Michalski et al., 2003, 2004; Morris et al., 2003; Ruff,
2004; Rogers et al., 2005]. As a consequence, we treated these “high-silica” mineral
groups as Michalski et al. [2005] and Rogers et al. [2005] have, by combining them and
reporting them as a “high-silica component.”

This high-silica component likely

represents glass or amorphous silica coatings on surface materials.
Using the datasets and the techniques described above, we address the following
questions regarding the Isidis Basin: 1) What is the geologic nature of the basin fill
materials, and does it account for the positive mass anomaly? 2) What is the nature of the
high TI unit and what does its spectrally derived composition tell us – is it composed of
materials derived from Libya Montes, Syrtis Major, or elsewhere? 3) Is there a
relationship between the TES-detected olivine-rich unit and the formation of the Isidis
basin? 4) What is the source of the TES-detected olivine-rich material?

3.

Results from the Isidis Basin

3.1.

THEMIS Spectral and Thermophysical Mapping
The bounds of our study area (~80-87.25°E, 2.5-8.5°N; ~150,000 km2) were

limited by the extent of spectrally obscuring dust cover, which was observed in both TES
albedo images and a DCI (≥0.965) (Figures 1a and 1b). Moving from the SW portion of
the basin to the NE, TES albedo increases while DCI values decrease. This suggests that
dust thickness increases to the NE. The central part of the basin has a mean TES albedo
83

of 0.22 (σ = 0.02) and a DCI average of 0.949 (σ = 0.011). These characteristics are
consistent with an intermediate dust cover, which is sufficient enough to preclude
spectral determinations with TES and THEMIS. As can be seen in Figures 1a and 1b, the
SW portion of the Isidis Basin is relatively free of dust (DCI values ≥0.965) and has a
lower mean TES albedo (~0.19), conducive for spectral/lithologic mapping.
MNF and DCS image processing, as well as simple multiple band colorcomposites, all indicate the same degree of spectral variability within SW Isidis Basin.
Four spectral units correlate reasonably well with relative thermal inertias from THEMIS
TIR TB mosaics of S Isidis (Figures 2a and 2b). As they are presented here, “spectral
units” and “lithologic” units are not at all the same as a “geologic unit,” although such a
connection is possible. For multiple contiguous areas to be part of a spectral unit, they
simply need to share a locally or regionally distinctive spectral quality, with further
spectral information (e.g., TES) these can be defined as a certain lithologic unit that,
again, may not be the same geologic unit. The distinction between spectral/lithologic
units and geologic units will be made in the Discussion and Interpretations section
(section 4).
The most prominent THEMIS-defined spectral units in S Isidis correspond to the
highest TI values in the area (>500 J m-2 K-1 S-1/2) (Figure 1c) [Palluconi and Kieffer,
1981; Mellon et al., 2000; Jakosky et al., 2000; Putzig et al., 2005 Jakosky et al., 2006]
and the brightest (warmest) pixels in a nighttime (nTIR) TB mosaic (Figure 2a). This unit
also coincides with the ferrous zone mapped by Mustard et al. [1993] and with the
olivine-rich unit mapped by both Hamilton et al. [2003] and Hoefen et al. [2003]. A
THEMIS color-composite image of emissivity bands 4-7-8 (Figure 3) accentuates this
olivine-rich unit in magenta because olivine has a strong absorption in Band 7 (~11.0 um)
and higher-emissivity in bands 4 and 8 (~8.6 and 11.8 um, respectively). There are two
major surface exposures of the olivine-rich magenta unit (ORMU), one occurring in S
Isidis and the other in W Isidis (Figures 3a-b). Both of these surface exposures may
occur as one geologic unit, as they are both within the Isidis transitional boundary—
defined by a distinct topographic break between Isidis Planitia and Libya Montes. The
ORMU does not appear to correlate with a specific albedo (0.13-0.19) and the DCI
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ranges from 0.954 to 0.979 (mean = 0.966; σ = 0.007). The ORMU is not only of
particular interest for its high TI, but also because it appears to be closely associated with,
or excavated by, several large craters (Da > 5 km – dotted-yellow circles in Figure 3c) and
several small craters (Da < 5 km – yellow arrows in Figure 4a-h). We describe each of
these craters in further detail in section 3.4.
Moving from S to N in Figure 3a, the other notable spectral units are defined by
their TIR color as orange-yellow (OYU) and blue units. Although the same color,
suggesting a similar spectral shape over bands 4-7-8, the blue unit can be divided into
dark blue (DBU) and light blue (LBU) units based on geography, morphology and
relative TIs. Figures 3b and 3c feature the band 4-7-8 color composite image(s) overlain
on a grayscale THEMIS dTIR TB image(s) with the emissivity providing hue and the TB
image providing not only intensity but morphology and topography. This overlay causes
the DBU to appear light blue (due to the warmer daytime temperatures) and the LBU to
appear dark blue (due to cooler daytime temperatures). This overlay is a necessary step
as emissivity images alone (Figure 3a) are difficult to interpret because of a lack of
morphologic and topographic information that results from a proper temperatureemissivity separation. Note that we will refer to these units by their original color as
mapped in the corrected emissivity images (e.g., Figure 3a).
As can be observed by comparing Figure 3c with Figure 2a, the bulk of the DBU
correlates with wind streaks on the Isidis plains and some intracrater deposits. Both of
these occurrences are observed as the brightest pixels within the interior basin in the
THEMIS dTIR TB mosaic (Figure 2b) but are only faintly recognizable in the nTIR data
(Figure 2a). These wind streaks and intracrater deposits possess the lowest TES albedos
(0.13-0.15) within the bounds of our map. The wind streaks, recognized since the
Viking mission, have only slight changes in areal extent from the time of the MDIM 2.0
observations to the observations of WA-MOC [see Figure 22 in Christensen et al.,
2005b] and to the present observations made with the THEMIS dataset. THEMISderived TI (Figure 1c) of the DBU places this unit within a range of ~330-500 J m-2 K-1
S-1/2, which is consistent with TES-derived TI [Putzig et al., 2005]. The DCI for the
DBU ranges from 0.952 to 0.976 (mean = 0.965; σ = 0.005).
85

The LBU correlates with the bulk of the relatively high-albedo (0.20-0.25) and
relatively low DCI plains (Figure 1a and 1b). This unit has relatively consistent TB
values in both nTIR and dTIR TB mosaics (Figures 2a and 2b) and DCI values that range
from 0.938 to 0.960 (mean = 0.950; σ = 0.006). However, the Isidis Plains possess a
reasonably high TI (~250-350 J m-2 K-1 S-1/2) (Figure 1c), suggesting a thin veneer of dust
that is insufficient to completely mask the relative thermal inertia of the underlying
surface [Christensen et al., 2005b]).
The OYU occurs almost entirely with the Libya Montes rim complex, although
small occurrences of both DBU and LBU are mapped in the Libya Montes region. The
bulk of this unit has a similar albedo range to the LBU with slightly higher DCI values
ranging from 0.935 to 0.982 (mean = 0.959; σ = 0.007). This unit also exhibits some of
the lowest TI values (~200-250 J m-2 K-1 S-1/2) and coldest temperatures (Figure 2a)
detected in the Isidis Basin.
3.2.

Composition of THEMIS-Defined Units

3.2.1. THEMIS Spectral Analysis
Spectra from three THEMIS image cubes (I01395005, I01420009 and I08498012)
representing each spectral unit are compared to one another and checked for consistency
(Figure 5). The three representative spectra for each of the four units are reasonably
consistent despite the uncertainties from the TES boot-strap atmospheric removal
method. Also shown are averaged spectra for each unit. These averaged spectra are
compared with the TES-defined global surface end-members [Bandfield et al., 2000a;
2000b; Bandfield, 2002; Bandfield and Smith, 2003], convolved to THEMIS band passes
(Figure 6) and described below.
The DBU spectrum (Figure 5a) is characterized by a broad absorption over
THEMIS bands 3-8 (~7.9-11.8 µm) with its lowest absorption at band 5 (~9.4 µm) and an
overall shape similar to ST1 (Figure 6). The only distinction between the two spectra is
that the DBU spectrum has a slightly concave-upward shape over bands 5-7 (~9.4-11.0
µm) and a lower spectral contrast overall. The ORMU spectrum’s (Figure 5b) most
distinctive feature is the band 7 (~11.0 µm) absorption. This absorption appears to cause
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a downward deflection of bands 6-9 (~10.2-12.6 µm). The slight inflection and somewhat
similar shape to the DBU spectrum suggest a possible commonality between the two
units. The ORMU spectrum is notably very similar to a THEMIS spectrum of the
olivine-rich unit mapped in Ares Valles by Rogers et al. [2005] (Figure 7). The spectrum
called “best pixel” in Figure 7 originates from a single THEMIS pixel within the ORMU
that possesses the deepest band 7 (~11.0 µm) absorption. This spectrum is similar to a
laboratory-collected spectrum of olivine convolved to THEMIS band passes. It has a
relatively sharp absorption at band 7 (~11.0 µm), consistent with a relatively high
concentration of olivine, and a broad absorption from ~7.9-10.2 µm that likely arises
from the presence of other silicate minerals. The “best pixel” spectrum also corroborates
that the downward deflection of bands 6-9 (~10.2-12.6 µm) may be caused by an
absorption at band 7 (~11.0 µm), which is likely a consequence of the presence of
olivine.
The LBU and OYU spectra (Figure 5c and 5d) are clearly distinctive from both
the DBU and ORMU. The LBU’s relatively low emissivity value in bands 1 and 2 (6.8
µm) with respect to the other end-members, along with its overall shape, suggest that this
unit is a combination of surface dust and (due to the broad absorption spanning bands 3-8
[~8-12 µm]) either ST1 or ST2 surface end-members (Figure 6). The OYU spectrum has
the lowest spectral contrast of all four units with no emissivities less than 0.98. Although
its low contrast bears a resemblance to the surface dust end-member, it is not interpreted
to arise from a dominant presence of dust. The current TES boot-strap is ineffective at
removing atmospheric effects in scenes with large topographic variations [e.g., Anderson
et al., 2003]. There is ~2-5 km of basin rim height, which is the elevation difference
between the Isidis Planitia and Libya Montes. As a consequence, the THEMIS spectral
properties of the OYU (i.e., both the infrared spectrum and its color representation in the
band 4-7-8 color-composite image) are likely to possess artifacts from residual
atmospheric effects. Because the shape of a Martian atmospheric spectrum has a
minimum in the silicate absorption region, overcorrecting this shape out of the highelevation spectra causes the spectral contrast to decrease over this region of the spectrum.
The result is a low-contrast spectrum. This would be true even if the surface materials
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possess relatively high spectral contrast. Fortunately, the larger areal extent of this unit
within Libya Montes allows the use of TES to ascertain the spectral nature of the OYU.
The OYU spectra in Figure 5d are presented here nonetheless to demonstrate that the
spectra from the three different THEMIS images are relatively consistent despite the
overcorrection.
3.2.2. TES-Derived Mineral Compositions of THEMIS-Defined Units
With the exception of instances of crater-exposed ORMU, all other units have
sufficient TES coverage. A raw emissivity spectra from OCK 3622 covering the ORMU
(Figure 8a), when compared to raw emissivity spectra from the DBU, shows a markedly
lower emissivity over the range 1000-800 cm-1 and 500-200 cm-1 (10-12.5 and 20-50 µm)
(Figure 8b). Although there is some residual noise, the ratio of the average of the raw
spectra from ORMU and DBU effectively divides out the atmospheric contributions and
all surface spectral features the two units share in common, with the bulk of the residual
features arising from differences in composition (Figure 8b).

The ratio spectrum

possesses absorptions consistent with olivine. Olivine has three major absorptions in the
TIR region with several weaker ones. The strongest absorption occurs between 1000
and 900 cm-1 (~10 and 11 µm), caused by a SiO-stretching, while weaker SiO-bending
absorptions occur at ~525 and ~400 cm-1 (~19 and 25 µm, respectively) [e.g., Hoefen et
al., 2003]. The band positions of the absorption features of the ratio spectrum are
relatively consistent with olivines of composition Fo60 and Fo68. The “ratio” ORMU
spectrum bears a remarkable resemblance to the “ratio” olivine signature from the Nili
Fossae region. However, unlike the range of olivine compositions detected in the Nili
Fossae [Hoefen et al., 2003], no variation in Isidis olivine compositions was detected
with TES via spectral ratioing techniques or by linear deconvolution. This may simply
be a consequence of the spatial resolution of TES and the areal extent of the exposed
ORMU in Isidis, which is not nearly as extensive as in the Nili Fossae region [Hamilton
et al., 2003; Hoefen et al., 2003; Hamilton and Christensen, 2005].
Using a minimum of eight TES pixels, averaged surface emissivities for the Isidis
units were compared with each other and to other pertinent spectra including laboratorycollected olivine spectra, an average spectrum for the Nili Fossae olivine-rich unit, and
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the spectra of the TES-defined global surface end-members [Bandfield et al., 2000a;
2000b; Bandfield, 2002; Bandfield and Smith, 2003] (Figure 9). Overall, these averaged
spectra, with the exception of the LBU, bear more similarities to the ST1 than the ST2.
In general, Isidis spectra possess a slight absorption centered at ~ 1080 cm-1 (~9.25 µm).
This indicates there may be some spectral contributions from the “high-silica component”
described in section 2.3.
Except for its lower spectral contrast, the OYU spectrum is similar to the DBU
spectrum. On the other hand, the spectrum of the LBU is quite similar to the surface dust
end-member, with a notable broad absorption feature over the range at ~1200-1000 cm-1
(~8-10 µm). This broad absorption can also be observed in the THEMIS spectrum of
LBU (Figure 5c) and is consistent with a coarser-grained surface material (i.e., ST1 or
ST2 type materials) mixed with a surface dust component.
The ORMU differs over the spectral ranges ~508-233 cm-1 (~20-43 µm) and
~1075-875 cm-1 (~9-11 µm) with respect to the DBU. The ORMU spectrum possesses
absorptions at ~1050, 975, 930 cm-1 (~9.5, 10.25 and 10.75 µm) at higher wavenumbers
and two main absorptions at lower wavenumbers at ~400 and 340 cm-1 (~25 and 29 µm).
The ORMU and the DBU spectra possess some similarities, and are almost
indistinguishable in the ~1240 to 1075 cm-1 (~8-9 µm) range. This suggests that these
two units may have some mineral phases in common.
Deconvolution results for the ORMU, DBU, OYU, and Nili Fossae olivine-rich
unit spectra are displayed in Figure 10. LBU was deconvolved as well, and modeled as
95% average Martian high-albedo surface (i.e., the surface dust end-member; Figure 9)
with the remaining 5% consisting of minerals well below the detection limit of the
method. TES spectra from 28 pixels covering both the ORMU were individually
inspected and averaged together for deconvolution purposes.

The modeled mineral

components of the average ORMU spectrum consist of a high abundance of olivine
(Fo68), plagioclase (predominantly labradorite), and high-silica materials with other
phases, including pyroxene, at or below the TES detection limit. An averaged spectrum
of 28 TES pixels from the NFORU was also deconvolved for comparison. The results
are very similar to ORMU’s, with the only major differences being less high-silica
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materials (~5%) and 10% more pyroxene in the Nili Fossae spectrum. If we assume that
the high-silica materials are secondary, an estimate of the chemical oxide weight
percentages [Hamilton and Christensen, 2000; Wyatt et al., 2001; McSween et al., 2003;
Rogers et al., 2005] yields values of 45.3(±1.5) wt.% SiO2 and 2.0(±0.8) wt.%
Na2O+K2O, which places the ORMU on the dividing line between basalt and picrobasalt
on a total alkalis vs. silica diagram used to classify volcanic rocks [Carmichael et al.,
1974].

Based on the THEMIS and TES spectral analyses here and previous

interpretations of the Nili Fossae region [Hoefen et al., 2003; Hamilton and Christensen,
2005], the simplest lithologic interpretation of the unit is that the ORMU represents a
basaltic olivine-rich litho-type. Other possible interpretations such as a volcanic vs.
plutonic origin for this unit will be discussed later in Section 4.3.
The model results for the average DBU spectrum (Figure 10) indicate high
abundances of pyroxene (predominantly augite), plagioclase (predominantly bytownite),
and high-silica materials with other phases, including olivine, at or below the TES
detection limit. The deconvolution model results for the average OYU spectrum (Figure
10) were slightly different from the DBU spectral results with the OYU spectrum
modeling slightly higher abundances of plagioclase (predominantly bytownite) and
slightly lower pyroxene.

The DBU and OYU’s estimated chemical oxide weight

percentages yield values of 48.8(±1.5) wt.% SiO2 and 1.5(±0.8) wt.% Na2O+K2O and
49.8(±1.5) wt.% SiO2 and 2.0(±0.8) wt.% Na2O+K2O, for both DBU and OYU,
respectively. These estimates place both units well into the field of basalt. As a result,
and because of the spectral similarities of both these spectral units to ST1, we suggest
that these materials are basaltic.
In summary, from the results of the THEMIS and TES co-spectral analyses of the
four THEMIS-defined spectral units in SW Isidis provide the following lithologic
interpretations:
•

ORMU – a picritic basaltic surface

•

DBU – a basaltic surface

•

OYU – a basaltic surface
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•

LBU – a mixed surface of surface dust and possibly materials consisting of ST1
or ST2 type materials

3.3.

Geomorphology of THEMIS-derived Units
Each Isidis unit is examined here with higher spatial resolution data (e.g., NA-

MOC). Inspection of several occurrences of the ORMU using NA-MOC images (3-6
m/pixel) (Figure 11a-c) reveals a scalloped, rough-appearing surface with crude layering
of light-toned and dark-toned materials (Figure 11b). Other MOC images show that the
ORMU exposed within Libya Montes and within the transition boundary is often closely
associated with a thin, semi-resistant cap unit (<50 meters thick in most localities)
(Figure 11c). The cap rock is smoother in texture than the ORMU, and varies from
slightly to heavily cratered by small (Da < 100m) impact craters. Spectrally, the cap rock
varies from ORMU nearest to the transition boundary to predominantly DBU basin-ward
(e.g., Figures 12a-c). Figure 12c shows the cap rock as patches of lower-lying ORMU
materials that grade, over ~5 km, into DBU materials. A similar association between the
ORMU and the semi-resistant olivine-poor DBU is seen in the Nili Fossae region (Figure
12d). These occurrences of the main ORMU deposit and the cap rock (ORMU to DBU)
correlate with thermal inertia. Both lie within the bounds of the Isidis high TI unit
[Christensen et al., 2005b]; however, a close inspection of the THEMIS-derived TI
image (Figure 1c) reveals that the Isidis high TI unit actually has lower TI portions,
which correlates with the cap rock (whether ORMU or DBU) and the embayed massifs of
Libya Montes (OYU and DBU), whereas the highest TIs are exclusively associated with
the ORMU.
The massifs that make up Libya Montes are predominantly associated with the
OYU, but towards the lower elevations there are occurrences of both the DBU and the
LBU. Some of these spectral distinctions can be correlated with morphologic features
observed in MOC images.

The right-hand side of Figure 11a exhibits a typical

morphologic example of a Libya Montes massif. These massifs can either be solitary
with equant basal outlines or form arcuate chains reminiscent of old crater rims that
would have made up the pre-basin forming target terrain [Crumpler and Tanaka, 2003].
Dark materials outcrop at the base of some massifs and correlate with the DBU. Whereas
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the lighter-toned areas on the massifs, often the peaks, are associated with the LBU.
These observations suggest that the massifs are likely basaltic and capped by significant
amounts of dust cover.
Figure 11d show the DBU further out on the plains and Figure 11e shows the
LBU just beyond the DBU. The DBU surface on the plains consists of numerous lowalbedo streaks that originate from semi-infilled craters (Figure 11d). In contrast, the LBU
has a similar appearance except that the surface exhibits a higher albedo and the small
craters appear to be completely filled and covered by spectrally obscuring light-toned
dust.
3.4.

Craters of the Southern Isidis Basin
The Isidis Basin, in particular Isidis Planitia (i.e., the basin floor), has several

large (Da > 5 km) and small impact (Da < 5km) craters that either pre-date the deposition
of the ORMU (e.g., those that are embayed by or infilled by ORMU), or have exposed
and excavated diverse spectral units/lithologies including the ORMU (Figures 3c and 4).
Craters of interest are presented as they are designated within the Mars Crater Database
(MCD; see Barlow et al. [2000] and references therein), using coordinates, apparent
diameters, and by their recently approved names provided by the International
Astronomical Union (IAU), if any.
Crater 13SE-230, centered at ~84.2ºE, 5.0ºN with Da = 18.9 km, and bearing the
name of Yalgoo, is located ~50 km north of the ORMU exposed at the transition
boundary. This crater is morphologically the best-preserved and least dust-covered of
three craters that appear to excavate the ORMU from beneath the plains. Yalgoo exposes
ORMU within its ejecta blanket (best seen in Figure 4a), on the western crater wall,
within slumped terraces and possibly in portions of the central peak-pit feature (Figures
4a and 11e). The DBU is seen inside the crater as a small occurrence in the southeast
portion of the crater (Figure 12e). This patch of DBU correlates with a low-albedo
deposit in THEMIS visible images of Yalgoo (e.g., V09409006). A small dune-form on
the wind-shadowed side of a slumped terrace block on the crater floor is associated with
the strongest (i.e., generally greater spectral contrast) DBU spectral signature. The crater
rim and ejecta blanket consist of a mixture of ORMU, DBU and LBU with the ejecta
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blanket possessing discrete blocks/patches of the ORMU.

Three ejecta lobes were

discerned within Yalgoo’s ejecta blanket (Figure 4a), with the top-most ejecta lobe
possessing the most ORMU materials and the lowest having no discernable trace of it.
The ORMU unit also correlates with rocky, crudely layered protuberances within the
crater wall, interpreted to be exposed bedrock (Figure 12f). All occurrences of the
ORMU within Yalgoo correlate with high TIs (>500 TI) as observed with THEMISderived TI (Figure 1c) and brighter (warmer) pixels in the THEMIS nTIR TB images
(Figure 2a).
Chupadero crater (MCD crater 13SE-231) is centered at approximately 83.5ºE
and 6.1ºN, and is ~90 km north of the ORMU. This smaller crater (Da = 8.8 km)
northwest of Yalgoo exposes the ORMU in its ejecta blanket (Figure 4b), but not within
the crater interior.
ORMU-rich ejecta deposits can also be observed in the western part of S Isidis
associated with Beruri crater (MCD crater 13SE-170), which is centered at approximately
81.2ºE and 5.3ºN (Da = 41.8 km) (see Figure 3c). Available THEMIS coverage over the
crater interior precludes a thorough analysis, but it appears that the ORMU occurs
exclusively in the distal parts of the crater’s fluidized ejecta blanket (Figure 4c).
Figure 3c shows additional craters that excavate, and several that are embayed or
infilled by the ORMU. A closer inspection reveals that two of these craters expose the
ORMU within their remnant crater rims. These two craters, Woking and Ohara (MCD
13SE-229, 83ºE 5.1ºN, Da = 10.5 km; 13SE-228, 82.5ºE 4.9ºN, Da = 9.8 km), were
identified on the plains and just within the transition boundary ORMU, respectively
(Figures 4d and 4e). In addition, there are several small craters (Da < 5 km) between the
transition boundary ORMU and the plains of Isidis (i.e., the DBU and LBU) that
excavate the ORMU within their rims or ejecta blankets (see panels d, f, and h in Figure
4). Two more craters in SW Isidis predate ORMU deposition and are interpreted to not
have excavated the ORMU based on their occurrences and photogeologic evidence.
Dulovo crater (MCD 13SE-171, Da = 17.7 km), centered at 84.5ºE 3.6ºN, occurs within
the transition boundary ORMU. This crater appears to expose the ORMU within its
ejecta blanket (Figure 3c), but closer inspection reveals that the ejecta blanket is highly
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dissected and completely free of ORMU-bearing pixels, with the ORMU occupying
topographic lows between eroded and dissected ejecta lobes (Figure 4f). This association
becomes more apparent by comparing it with Yalgoo’s ejecta blanket (Figure 4a). Very
few ORMU-bearing pixels can be observed within the crater interior. The few that are
present are not associated with any clear crater morphologic features suggestive of
bedrock exposure. However, a concentration of ORMU can be observed on the NNE
crater rim. The association is somewhat ambiguous, but if Dulovo uplifted and exposed
the ORMU within the crater rim, suggesting shallow excavation, the ORMU may have
existed as a very thin layer with respect to the transitional boundary prior to the formation
of Dulovo crater.
Like Dulovo, Hashir crater (MCD 13SE-172, Da = 13.2 km), centered at 85ºE
3.2ºN, also has ORMU pixels that do not appear to be impact exposed. Hashir crater
predates the ORMU and is an excellent example of the close association between the cap
rock and the ORMU, which fills the crater (Figures 4g and 12a). A putative central peak
feature mapped as the DBU (Figure 12a) appears to be exposed from the systematic, or
episodic, erosion and removal of ORMU and the cap rock that occurs within Hashir.
This occurrence of the ORMU exhibits some of the best defined fine-scale layering,
which supports a post-impact deposition of this occurrence. There are no other clearly
discernable traces of the ORMU with respect to Hashir. The ejecta blanket of this crater
appears to have been completely stripped away and no discernable exposures occur in the
crater wall.
3.5.

Southern Isidis MOLA Topography and Crater Scaling Relations
Figure 13 shows a portion of the THEMIS dTIR TB image mosaic of SW Isidis

with contour lines generated from the gridded MOLA DEM. The ORMU unit can be
easily discerned by its correlation with the cooler (darker TB) temperatures and its
predominant occurrence within the transitional boundary. The unit appears to occur
within local topographic lows such as old degraded craters and preexisting valleys. At a
larger scale, the unit occurs within a specific range in elevation – mostly between -3000
and -3600 meters. There are two outlier occurrences at lower and higher elevations. One
ORMU outlier far to the NW (not shown) lies between ~-3600 and -3700 m elevation.
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Another occurs higher on Libya Montes in the SE portion of the map and reaching a
maximum elevation of -2700 meters. This higher occurrence of the ORMU lies within a
large degraded unnamed crater (Da = 63 km). This particular occurrence appears to
follow the topography very closely, suggestive of a flow that made its way downward
and outward from a breech within the 63-km crater’s rim on the north, basinward side of
the crater. A higher resolution view of this occurrence appears in Figure 14 and is
discussed below.
Further spatial constraints on the ORMU and DBU were made by applying
measurements of the diameters of the craters discussed above to crater scaling equations.
The stratigraphic depth and approximate thicknesses of these units are given in Table 1.
Each crater excavates the ORMU in different ways (i.e., within different crater
morphologic features), dictating which scaling relationships are used to estimate depths
and thicknesses of impact excavated and uplifted units. The estimates in Table 1 are used
in conjunction with surface mapping and topography from the MOLA gridded DEM to
assemble an interpretive cross section (see section 4.1).
In addition, the estimates of crater excavation indicate that Yalgoo crater has
exposed ORMU from a depth of between ~800 and 1600 meters. ORMU is exposed at
the surface ~50 km south of this crater. If we make the simplifying assumptions that the
upper surface of the ORMU is planar, this would imply a maximum dip angle of 1.8
degrees. However, it is impossible to say if the subsurface layer containing ORMU has
been deformed, and it is also possible that Yalgoo crater and the southern exposure of
ORMU are not aligned perpendicular to the strike.
4.

Discussion and Interpretations

4.1.

Geologic Relationships of Isidis Spectral/Lithologic Units and an Interpretive

Cross Section of the Southern Isidis Basin
Before examining the geologic relationships, it is important to recognize that
some spectral/lithologic units have multiple occurrences that may or may not be related
or of the same origin. Therefore, we have chosen to subdivide some of the
spectral/lithologic units into geologic units for the purposes of understanding the origin of
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these units. We define a geologic unit here as a body of mineral or lithic materials
ranging from unconsolidated to consolidated, possessing a distinct origin and unifying
features that can be recognized and mapped. The best example of a spectral/lithologic
unit with multiple occurrences is the DBU. Based on occurrence and photo-geologic
discriminating features, we divide the DBU into three distinct geologic units. These are:
1) the dust-free areas on individual massifs (DBUm), 2) the cap unit (DBUc) that is
closely associated with ORMU and may be the same as the outer plains deposits that
embay Libya Montes, and 3) the aeolian deposits (DBUa) that make up the Isidis wind
streaks. For the most part, all occurrences of the LBU are treated as one unit and that it
simply represents surface dust. However, based on fairly uniform thermophysical
properties [Christensen et al., 2005b], photo-geologic evidence from MOC images (e.g.,
Figure 11e) and spectral evidence from both THEMIS and TES (Figures 5c and 9), we
interpret the inner plains of Isidis to be a dust-mantled surface with possibly an
underlying surface consisting of ST1 or ST2 type materials. The OYU is also treated as
one unit as it predominantly occurs within the ancient highlands of the Libya Montes.
Based on observations discussed below, all occurrences of the ORMU are assumed to
represent one unit.
Embayment relationships were utilized to place these units into a relative geologic
succession. The ORMU displays clear embayment relationships with Libya Montes
massifs (OYU and DBUm) and is overlain or embayed by the DBUc (Figure 3, 6 and 14).
These relationships are best observed in the easternmost exposure of the ORMU that
traverses through the large degraded ~63-km crater within Libya Montes. The surface
expression of the ORMU in this locality begins at higher elevations in Libya Montes and
terminates on the plains where it is embayed by and dips below DBUc (Figure 14).
Despite the deposition and recent modification (e.g., Viking observations to present) to
of the DBUa and LBU, the underlying surfaces beneath DBUa are observed to embay the
ORMU (Figure 14). In turn, the ORMU is conformably overlain by the surface unit that
lies just beneath the spectral obscuration of Martian dust (i.e., LBU). The contacts
between these plains units are reasonably sharp and are best observed in both THEMIS
nTIR and dTIR TB mosaics of S. Isidis (Figure 2).
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Based on morphologies, spatial relationships and embayment relationships of our
THEMIS-defined units, we place them in succession from oldest to youngest (1 to 6):
1) OYU and DBUm
2) ORMU within Libya Montes, transition boundary and the Isidis subsurface
3) DBUc
4) The inner plains surface materials (DBUc?) that lies just below the spectral
obscuration of surface dust (i.e., LBU)
5) The outer plains surface materials (DBU?) that lies just below the spectral
obscuration of surface dust (i.e., LBU)
6) DBUa and all LBU surface dust deposits from the Libya Montes to the inner-most
plains
An interpretive cross-section (Figure 15) was constructed by combining the above
information with scaling relationships from Table 1 and topographic data from the
MOLA DEM. Yalgoo crater provides the best clues with respect to the depth and
possible thickness of the ORMU for two major reasons: 1) the excellent state of
preservation and 2) multiple impact-exposed occurrences of ORMU (i.e., ejecta, crater
walls and central uplift). Yalgoo’s topmost ejecta lobe (the lobe labeled ‘3’ in Figure 4a)
is olivine-rich compared to the underlying ones, which consists predominantly DBU
materials. Empirical evidence from terrestrial impact craters indicates that the topmost
facies of an ejecta blanket samples deeper into the subsurface than the lower ejecta facies
[e.g., Osinski, 2006]. Based on the succession of these ejecta lobes, the olivine-rich
material was sampled at greater stratigraphic depth than the olivine-poor materials; that
is, DBUc overlies the ORMU. The paucity (lobe 2) or complete lack (lobe 1) of ORMU
strongly suggests that the contact between these units in the subsurface may be relatively
sharp not likely gradational. This is consistent with the observations of the DBUc, which
conformably overlies the ORMU in the transition boundary (Figures 3b, 4g and 12a-c).
Based on estimates of de for Yalgoo (Table 1), the shallower estimate places the olivinerich unit at a depth of -4600 meters (Figure 15). Taking into account the exposure in the
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crater wall and the amount of rim uplift, the minimum thickness of the ORMU in the
vicinity of Yalgoo is approximately 800 meters, with estimates of central peak uplift
extending the thickness an additional 800 meters (i.e., ~800-1600 meters thick).
The olivine-rich litho-type exposed at Chupadero crater likely lies at a deeper
level. Chupadero’s ejecta contains some pixels of ORMU, but no clear exposures within
the rim or wall, which suggests that the ORMU is potentially deeper in the subsurface
and the crater was just within sampling range. Based on the observations and scaling
estimates of Yalgoo and Chupadero, the ORMU likely dips away from Libya Montes and
into Isidis Planitia. This is also supported by small craters that excavate olivine-rich
materials just beyond and basinward of the transition boundary ORMU (Figure 4). The
shallowest estimate for the maximum excavation by an 8.8-km crater places the ORMU
at about -4300 meters, in other words, approximately 450 meters below the present
surface surrounding Chupadero (Figure 15). The few pixels of ORMU detected in the
ejecta blanket indicate that this crater sampled mostly the DBU with some olivine-rich
materials likely at or within the -4300 elevation mark. Chupadero is the most distant
crater from the transition boundary ORMU that shows any indication of excavating the
ORMU. Unfortunately, increasing dust cover further basinward precludes the detection
of the ORMU; therefore, we do not extend the boundaries of our map or cross-section
beyond the surface/subsurface extent of Chupadero (~ 90 km from the transition
boundary).
The inferred subsurface boundaries of the ORMU within Libya Montes are based
on the observation that the ORMU infills the small crater Hashir (Figure 4g), and also
follows the lowest topography basinward within the Libya Montes rim complex (Figure
14). The OYU likely represents ancient rocks exposed within the Libya Montes rim
complex from the formation of Isidis.

Therefore, we include “basement” as a

representation of the materials that might make up the oldest parts of Libya Montes that
were not exposed at the surface. We also infer, from several topographic breaks, the
presence of terrace or listric faults within the ancient basin rim. These faults would result
from rim collapse during the modification stage of basin formation [e.g., Melosh, 1989].
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4.2.

THEMIS Spectral Units: Interpretation and Comparison
Previous mapping of the Isidis Basin has been primarily based on geomorphic and

most recently by THEMIS thermophysical mapping [e.g., Greeley and Guest, 1987;
Crumpler and Tanaka, 2003; Christensen et al., 2005b; Tanaka et al., 2005]. In most
cases the spectral units mapped here coincide with these previously mapped units (Table
2).

Interpretations from the previous studies are compared here with our

spectral/lithologic mapping results.
The mapped units of Libya Montes (Table 2) have been interpreted as some of the
most ancient highland rocks exposed on Mars, with the massifs interpreted as remnant
crater rims, impact melts and breccias formed during the heavy bombardment period
[Greeley and Guest, 1987].

The NHf unit of Crumpler and Tanaka [2003] and

thermophysical Unit B of Christensen et al. [2005b] were both interpreted as pediments
and bajadas produced by erosion of the massifs. Based on our spectral results, we
interpret the composition of the dust-free portions of the Libya Montes (i.e., OYU and
DBUm) to be basaltic. This conclusion is consistent with the previous interpretations of
the materials of Libya Montes [e.g., Greeley and Guest, 1987]. The lack of olivine in
such old rocks is somewhat puzzling as the most primitive Martian lavas might be
expected to have high concentrations of this phase [e.g., McSween et al., 2006]; however,
the rocks of Libya Montes have been exposed for the bulk of Martian history and may
have been subjected to alteration processes that selectively destroyed olivine [e.g.,
Hurowitz et al., 2006].
Associating the ORMU with previously mapped units is more difficult. It has
been previously mapped either within Libya Montes [Greeley and Guest, 1987; Tanaka
et al., 2005], within the transition boundary [Christensen et al., 2005b], or within both
areas [Crumpler and Tanaka, 2003]. Our spectral results indicate that the ORMU maps
predominantly in the transition boundary, but there are some occurrences just within
Libya Montes (Figure 4g and 14), just within the plains-side of the transition boundary
(Figure 12c and 12b) and at the flow front of lavas originating from Syrtis Major (Figure
4h). Christensen et al. [2005b] concluded that determining the origin of Unit D (i.e., the
High Inertia unit) was difficult due to the unit’s ambiguous relationship between the
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highlands and the basin floor. Because the ORMU is complex, and because it holds
special interest, we reserve discussion of its origins in the following section.
The DBU correlates predominantly with aeolian wind streaks superimposed on
the smooth outer plains of Isidis Planitia (i.e., DBUa on DBUc?). Based on the strong
dTIR TB signature and the lack of a nTIR signature (c.f., Figure 2a and Figure 2b),
Christensen et al. [2005b] suggested that the wind streaks are areas where a thin dust
layer has been removed by strong, channelized winds coming down through the Libya
Montes. In addition to removal of dust, MOC images (e.g., Figure 11d) show that there
is a mobile low-albedo component, which is seen as abundant smaller linear wind streaks
emanating from and filling small craters (Da < 100m). These unconsolidated materials
are likely the specific source of the stronger (higher contrast) spectral signature
associated with the DBUa, although it appears that the underlying surface is spectrally
similar. The DBUc (Figure 11c) specifically overlies the rough-appearing ORMU, which
has been revealed by erosion towards the interior of the basin to reveal the underlying
ORMU. This relationship between the DBUc and the ORMU indicates that these two
occurrences could merely be facies within one unit, as has been proposed by Christensen
et al., [2005b].
Based on the spectral deconvolution results, the range of thermal inertia,
morphologic attributes observed with moderate to high resolution images and
predominance as a surface unit, we interpret the DBUc unit to consist of basaltic lavas
and the DBUa as aeolian deposits originating from a basaltic protolith source (likely local
sources such as the DBUm and the DBUc).
The LBU correlates predominantly with the inner ridged plains of Isidis Planitia,
which has been previously mapped based on morphology, chronology and
thermophysical properties (Table 2). The LBU’s underlying surface has a well defined
contact that is easily traced in a THEMIS TB mosaic (Figures 2a and 2b) and
conformably overlies the outer plains material (mapped as DBU). This indicates these
two units could have entirely different compositions (e.g., either ST1-like or ST2-like).
The LBU is noted for its distinct ridges consisting of conical mounds with summit pits
[e.g., Bridges et al., 2003]. These features have been a major focus of study in several
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recent papers [e.g., Head et al., 2002; Bridges et al., 2003; Tanaka et al., 2003]. This
inner plains ridged-unit has been proposed to have formed by magma-ice interactions
(i.e., phreatomagmatic) [Plescia, 1980; Frey and Jarosewich, 1982], mud volcanism [Ori
et al., 2001; Tanaka et al., 2000; Hoffmanet al., 2001], or extensive reworking of
materials by permafrost and mass-wasting [Tanaka et al., 2003]. Either ST1 or ST2 endmembers could fit into these scenarios, but without more detailed dust-fee spectral
information, the petrogenesis of this unit remains difficult to determine beyond
morphologic interpretations.
4.3.

Origin of the ORMU

4.3.1. Physical Nature of the ORMU
The exact physical nature of the Isidis high TI unit, which correlates
predominantly with our ORMU, has been the subject of some debate. Dense basaltic
rocks should have TIs on the order of ~ 1200 J m-2 K-1 S-1/2 [e.g., Fergason et al., 2006],
whereas the TI values of the ORMU reach a maximum of ~800 J m-2 K-1 S-1/2 (i.e., the
maximum allowable in these models) [Murphy et al., 2005; Jakosky et al., 2006]. One
interpretation suggests that the elevated TI represents rocky debris that was shed from the
highlands [Bridges et al., 2003; Crumpler and Tanaka, 2003].

However, no clear

spectral evidence has been found linking the ORMU to Libya Montes bedrock. Murphy
et al. [2005] suggested that the Isidis high TI unit likely represents highly indurated soil
(“soil” is used here to denote a Martian soil, i.e., a mixture of unlithified minerals and
rock fragments with no trace of organic components) cemented by salts or some other
cementing agent. Our spectral deconvolution results indicate no significant levels of salts
or any other type of cementing agent, although the nearly featureless spectrum associated
with some salts, halide (NaCl) for example, is not detectable within TIR wavelengths.
Christensen et al., [2005b] suggested an alternative hypothesis that accounts for the high
TI as merely a non-linear spectral mixture of exposed, well-indurated bedrock underlying
unconsolidated materials including some surface dust. Our observations are consistent
with this hypothesis; the area others have mapped as high TI is composed of mixed pixels
of exposed bedrock (ORMU) and finer-grained materials shed from the plains/cap rock
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(both ORMU and DBUc). Observations of the ORMU with MOC images also suggest
the presence of exposed bedrock (e.g., rough texture and layering; Figure 12c). It may be
that the amount of vesicularity (or pore space), limitations of the TI model and
contributions from soil and surface dust are contributing to the lower TIs (i.e., ~800 vs.
1200 J m-2 K-1 S-1/2).
Regardless of the exact physical nature of the Isidis high TI/ORMU, there are
now five well-documented olivine-rich units on Mars that have been observed to
correlate with elevated TIs.

THEMIS-mapped olivine-rich occurrences in Ganges

Chasma, Aurorae Planum (>800 J m-2 K-1 S-1/2) [Christensen et al., 2003, 2005a; Mustard
et al., 2005], Nili Fossae (~305-500 J m-2 K-1 S-1/2) [Hamilton and Christensen, 2005] and
Ares Valles (~670-840 J m-2 K-1 S-1/2) [Rogers et al., 2005] all show a correlation
between the strength of the olivine spectral signature and increased TI or nTIR TB. As
can be observed in Figure 2a, high nTIR TB materials are relatively continuous
throughout the S Isidis transition boundary, within Libya Montes, beyond the bounds of
our spectral map and well into the areas of spectrally obscuring dust cover (DCIs <0.965)
(c.f. Figure 2a with Figure 1b). Despite the increasing regional dust cover both N and E
of our spectral map, we suggest that the ORMU can be extended well beyond the bounds
of our map, eastward along S Isidis (possibly as far as Amenthes Planum) based on
relative TI/nTIR TB.
4.3.2. Origin of the ORMU
Before we discuss the origin of the ORMU, two important questions must be
addresses: 1) What is the relationship between the western and southern exposures of the
ORMU along the transition boundary, and 2) Are the olivine-rich materials exposed in
the transition boundary and those exposed by impact craters on the plains from the same
geologic unit? There are ample lines of evidence that suggest that the western and
southern occurrences are of the same geologic unit. Figure 3c indicates that the ORMU
appears to disappear beneath Beruri crater ejecta. Unfortunately, at present, the THEMIS
coverage of this part of the Isidis Basin with the proper conditions for spectral analysis is
insufficient. However, comparisons of the nighttime-bright (warm) TB signature of the
ORMU from Figure 2a with an excerpt from the map of Tanaka et al. [2005] (Figure 16)
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allows this relationship between these two occurrences to be discerned. In the map
excerpt, Beruri ejecta overlie and embay both the lavas of Syrtis Major (HIs) and the
ORMU (the southern ORMU mapped as parts of HBu2 and HNn in the map of Tanaka et
al. [2005]). A path between both the western and southern occurrences traced out in
Figure 16 mirrors the transition boundary across Beruri and correlates with the high nTIR
TB. Further evidence comes for Beruri itself, as the ORMU occurs only within its ejecta
blanket. This indicates that the ORMU was emplaced within the transitional boundary
prior to the formation of Beruri crater. The spectral confinement of ORMU to the ejecta
blanket and its absence from the crater’s central uplift further suggests that the olivinerich portion of the pre-impact target was likely a relatively thin unit (on the order of 100s
of meters) and was either exposed at the surface or within the shallow subsurface at the
time of Beruri’s formation.
There are several lines of evidence supporting the hypothesis that the impactexposed ORMU and the transition boundary ORMU are the same unit: 1) the ORMU is
observed to be overlain by DBUc at the transition boundary (Figure 12b and 12c), and
may continue in the subsurface beneath DBUc and well into the plains of the Isidis Basin,
2) small craters (Da < 5km) found 10’s of km from the transition boundary excavate the
ORMU within their ejecta or rims, 3) the “flow-like” occurrence of the ORMU seen in
Figure 14 terminates on the plains as massifs, and then disappears beneath, and is
embayed by, plains materials mapped as DBU, and 4) based on crater exposures on the
plains (Figure 15) the ORMU appears to be a continuous unit with a sharp contact with
olivine-poor materials (i.e., DBU) that dips basinward with increasing distance from the
transition boundary. Our preferred interpretation is that the ORMU exposed in the
vicinity of the transition boundary and within craters on the plains are one and the same.
This interpretation will be used as a basis for all considerations below.
The timing of emplacement of the ORMU relative to the formation of the Isidis
basin is limited to three possibilities: pre-impact, contemporaneous, or post-impact. The
pre-impact hypothesis assumes that olivine-rich materials were part of the target
sequence prior to the basin-forming event. Such materials were most likely emplaced on
or within the early Martian crust by either extrusive igneous processes (e.g., volcanic
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flows) or as plutons, then were likely buried under later igneous or other depositional
episodes. Subsequently, the olivine-rich materials were excavated, uplifted and exposed
by the basin-forming event. If true, this would dictate that the ORMU should be exposed
and detectable within the oldest units mapped in the Isidis Basin, such as the massifs or
dissected terrain of Libya Montes (e.g., the Nplh unit [Greeley and Guest, 1987]). Based
on our results, we can rule out this hypothesis as: 1) no significant olivine was detected
within the massifs or modified and dissected terrain of Libya Montes (e.g., Figure 14), 2)
both the DBUc and the ORMU must post-date the formation of Libya Montes because
these materials fill topographic lows and craters (Figure 4g) and embay the massifs and
the modified and dissected highland terrain, and 3) these olivine-rich materials must have
filled the basin to some extent as they are exposed within impact craters on the basin
floor (e.g., Figure 15).
The contemporaneous hypothesis also requires that some component of the basin
target sequence contained olivine. Instead of merely exposing an olivine-rich subsurface
litho-type, this hypothesis goes further to suggest that the ORMU may be an impact melt
sheet in which olivine was selectively preserved. The survival of olivine within highly
shocked ejecta and impact melt is possible based on observations and experiments [e.g.,
Leroux, 2001]. Olivine is less susceptible to shock-melting and shock-metamorphism.
Therefore, it may be an abundant constituent within melt sheets formed within planetary
crusts containing this phase (e.g., Mars and the Moon). The impact melt sheet hypothesis
has been recently favored by Mustard et al. [2006] for the origin of all olivine-bearing
units in the vicinity of the Isidis Basin, as well as those associated with other impacts
throughout Mars [Mustard et al., 2005].

However, melt sheets often drape basin

topography, including the terraces formed within a basin rim complex. There is no clear
indication that the ORMU drapes the Libya Montes terrain in this fashion (Figure 13) –
rather it appears to be confined to topographic lows in these mountains. However, it is
possible that erosion has removed the impact melt that once draped the higher-standing
topography, leaving behind only the melt that filled craters and topographic lows.
Although a melt sheet hypothesis cannot be completely ruled out, the evidence for
supporting this hypothesis is ambiguous.
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The post-impact hypothesis includes several scenarios that could explain the
origin of the ORMU. A sedimentary scenario poses that the ORMU was either simply
mass wasted off of the massifs of Libya Montes, or transported by fluvial or aeolian
processes to be deposited at the termini of multiple valley networks. The ORMU has
been observed to be in contact with the modified and dissected terrains [Crumpler and
Tanaka, 2003; Christensen et al., 2005b], in addition to some of the major highland
valleys [e.g., the “western”, “middle” and “eastern” valley networks of Figure 10 in
Crumpler and Tanaka, 2003]. This has led some workers to the conclusion that the Isidis
high TI unit likely consists of ancient highland rocks that have been shed, transported,
and deposited into the basin interior [e.g., Bridges et al., 2003; Crumpler and Tanaka,
2003]. Because the ORMU is not found on the massifs or surrounding the massifs on all
sides, this scenario seems to be very unlikely. However, widespread dust-cover in Libya
Montes (DCI average: 0.960) indicates that some of Libya Montes, which could
potentially be olivine-rich, may be obscured by dust. Another possibility is that the
olivine was altered to some other phase; however, our deconvolution results did not
detect any typical olivine alteration products (e.g., serpentine), but another surface
alteration process may have had a role. One alternative [Hurowitz et al., 2006] is that
olivine may have been selectively removed during weathering with acidic fluids.
Another problem with the valley networks acting as a conduit for olivine-rich materials is
that there are no valley networks to explain the western occurrence of the ORMU
(Figures 3c and 4h). This occurrence is best explained as being part of lava flows
emanating from Syrtis Major. A close examination of the valley networks indicates a
better relationship between the larger valley networks and the extensive aeolian wind
streaks in Isidis. The TES spectral similarities between the OYU and the DBU (Figure 9)
provide further evidence for this hypothesis. As a consequence, we hypothesize that the
only connection the valley networks have with the ORMU is that the ORMU may have
been exposed by the erosion of winds channeled through these old valleys. Another
piece of evidence against a sedimentary origin for the ORMU, with respect to Yalgoo
crater, is that the thickness of the ORMU within the subsurface has been estimated to be
as thick as 0.8-1.6 km in the vicinity of Yalgoo crater. A unit of that thickness would
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have a considerable volume, which would be difficult to reconcile with the reasonable
state of preservation of the Libya Montes.
With respect to a primary igneous origin for the ORMU that post-dates the
formation of the Isidis Basin, the ORMU can be either intrusive or extrusive. However,
an intrusive scenario can be immediately discounted by the observation that the ORMU
possesses both layering and flow-like features (Figures 12a-c, 12f and 14). Therefore,
based on its occurrence and modeled composition, the ORMU is most likely to be
composed of picritic basaltic lavas and possibly some sediments derived thereof. The
high-abundance of olivine modeled for the ORMU (at least 20 vol. % olivine; see Figure
10) suggests these lavas were likely derived from of a primitive magma source that
experienced little fractionation and/or contamination as it ascended and was emplaced on
the surface. Such magma could also have been the result of a low degree of partial
melting of the Martian mantle.
The ORMU olivine composition is also consistent with both olivine-phyric
basaltic Martian meteorites and Gusev basalts [McSween et al., 2006] further suggesting
that the ORMU represents lavas. Also, despite the fact that the Nili Fossae deposits are at
elevations ~1-2 km higher than the ORMU in S Isidis, olivine-rich units in both these
locations may have a genetic relationship because they both have 1) similar modeled
compositions, 2) similar modes of occurrence (Figure 12d), 3) occurrences of olivine-rich
materials in close association with an olivine-poor “cap” rock, and 4) a close association
with the Isidis Basin.
Morphologic and thermophysical evidence suggests that the sources of the
ORMU lavas may have originated from regional volcanic sources like Syrtis Major
(summit caldera is ~600 km from Isidis Planitia), or from as far away as Tyrrhena Patera
(summit caldera is ~1800 km from Isidis Planitia) by way of lava flows from Amenthes
Planum. Syrtis lava flows covering the W rim and invading the interior basin from the
west provide the most obvious evidence that the ORMU is sourced from Syrtis Major.
The possible connection between the ORMU and lavas invading from Amenthes is less
conspicuous at first glance.

However, despite the increasing surface dust toward

Amenthes causing spectral obscuration, the relatively high nTIR TB signature of the
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ORMU (Figure 2a) can be traced from its main occurrence in SW Isidis into Amenthes
Planum. Additional evidence for Amenthes as a possible source for the ORMU comes
from the work of Rogers and Christensen [in press, 2006]. Their linear deconvolution
results for TES spectra extracted from low-albedo surfaces within Tyrrhena Patera
models elevated olivine with respect to its surroundings (~12% olivine by volume), the
same concentration of olivine originally mapped by Hamilton et al. [2003] in S Isidis.
Although both Syrtis and Amenthes are good potential sources, Syrtis is the more likely
source based on proximity and strong morphologic evidence. The western occurrence of
the ORMU provides the best spectral connection between Syrtis and the ORMU in Isidis.
The western occurrence of the ORMU is contained well within previously-mapped Syrtis
lavas [Greeley and Guest, 1987; Crumpler and Tanaka, 2003; Tanaka et al., 2005],
although the bulk of this flow appears to have been buried under subsequent olivine-poor
flows emanating from Syrtis. This is supported by the observation that the ORMU
occurs within some of the lowest elevations with respect to the invading Syrtis lavas.
Therefore, we suggest that olivine-rich lavas represent an early stage that was simply
covered by subsequent olivine-poor (more differentiated) lava flows. Multiple stages of
magmatic activity are probable for Syrtis Major and have been suggested by other
workers [e.g., Ivanov and Head, 2003; Hiesinger and Head, 2004]. Magmatic diversity
and evolution specifically within the Syrtis Major volcanic complex is supported by the
work of Christensen et al. [2005b]. Logically, after burial by numerous episodes, the
only surface exposure visible from orbit would be either associated with a drastic break in
topography (e.g., the transition from the Isidis rim to the basin floor) or would occur at
the distal end of emplacement where subsequent flows may not have extended.
With respect to ORMU in the Libya Montes, the infilling of Hashir crater and the
“flow”-like occurrence in the unnamed 63-km diameter crater, there are two possible
scenarios that could account for these: 1) invading lavas once filled the basin up to an
elevation of ~-2100 (~1500 meters thick based on the lower limit of the transition zone
occurrence) or, 2) the lavas invaded the Libya Montes rim complex from an external
source and coated the terrain as it made its way into the basin interior (either from preexisting fractures or from either Syrtis Major or Tyrrhena Patera). Although a clear
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source cannot be unambiguously traced from these occurrences of the ORMU to these
volcanic provinces, this second scenario is far more plausible than the first. The first
scenario would have required an enormous volume of lava and far more erosion to give
us these occurrences in the Libya Montes that we observe today. Although a plausible
explanation has been offered for why the ORMU could not be traced all the way to a
specific vent, fissure or some other volcanic orifice, it is also possible that the source of
the olivine-rich lavas could simply lie beneath Isidis itself, via Lunar mare-style
volcanism. Christensen et al. [2005b] offered some corroborating evidence for this
hypothesis based on their Isidis-defined units bearing some morphological similarities
with lunar maria features. Lunar mare-style volcanism could have taken advantage of
severe crustal-thinning from the formation of Isidis – note that the basin correlates with
the thinnest crust on Mars [e.g., Zuber, 2001]; in addition, the development of an
extensive fracture system could have facilitated magma propagation. Such a scenario
would not require a distal source for these lavas; however, it is difficult to prove or
disprove this hypothesis by remote methods alone.
Whether the lavas originated from Syrtis Major, from Tyrrhena Patera via
Amenthes Planum, or beneath the Isidis Basin itself, the idea of picritic lava flows filling
the interior basin agrees with the conclusions from previous studies of the Isidis Basin.
In addition to morphologic evidence that lavas have contributed to the infilling of the
basin [Craddock, 1994; Tanaka et al., 2000; Head et al., 2002; Ivanov and Head, 2003;
Hiesinger and Head, 2004], further evidence comes from density estimates made by
Ritzer and Hauck, [2005] after Wieczorek and Zuber [2004], which suggested that the
Isidis Basin fill-material consists predominantly of igneous rather than sedimentary
materials.

Other clues to the origin of the basin-filling materials come from the

observation that small (<10.3 km) craters occurring within Isidis Planitia possess
anomalously high or simple crater-like d/Da ratios. These craters also transition from
simple to complex morphologies at diameters well above the typical transition for Mars
(~6 km) [Pike, 1980; Boyce et al., 2006]. This indicates that a thin, weak layer may
overlie a thick, relatively high-strength material (e.g., dense coherent lava flows that have
not been reduced to regolith by impact gardening).
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Based on these lines of evidence (which support a volcanic origin for the ORMU)
our interpretations of the other Isidis spectral/lithologic units, and our interpretive crosssection (Figure 15), we propose the following history for the Isidis Basin and the
surrounding region.
•

Formation of the ancient martian surface primarily by basaltic volcanism
(soils and dust surface components also form)

•

Impacts of the heavy bombardment period generate regolith and terrain
that will form the basement and what will become the bulk of the Isidis
Basin’s rim terrain

•

Isidis Basin forms, crustal thinning and rim uplift occurs followed by
collapse and infilling the basin interior with mass wasted debris (Libya
Montes: units OYU and DBUm)

•

Post-Isidis rifting and grabens form (Nili and Amenthes Fossae) and
Valley networks form, accompanied by erosion and deposition of Libya
Montes-derived materials, or vice-versa

•

Syrtis and Tyrrhena volcanic flows infiltrate the basin, first picritic lavas
(ORMU) followed by olivine-poor (more differentiated) basaltic lavas
(DBUc)

•

Aeolian and other surfical processes rework deposits within the Isidis
Basin

•

Channelized winds scour away the dust-cover and erode back plains
materials to reveal the underlying olivine-poor and olivine-rich lavas (i.e.,
the high TI unit); impacts occur within the plains to reveal the underlying
olivine-rich lavas

•

Dust (LBU) and aeolian deposition (e.g., wind steaks - DBUa) continue to
present day

5.

Summary and Conclusions
Using high resolution orbital multispectral images from THEMIS in conjunction

with hyperspectral spectral information from TES, Martian craters can be lithologically
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mapped to provide important surface and subsurface information. By also considering
estimates of excavation from crater scaling relationships, visible-morphological,
topographic and thermophysical data, the origin of surface and subsurface units can be
further determined.
As an example, we employed corrected THEMIS surface emissivity data to map
the least dust-covered regions of SW Isidis Basin and the impact craters therein.
Previous spectral mapping of this corner of the Isidis Basin revealed the presence of
minerals bearing a ferrous signature [Mustard et al., 1993], which was later revealed by
TES to arise from the presence of olivine [Hamilton et al., 2003; Hoefen et al., 2003].
This TES-identified olivine-rich unit (ORMU; magenta in a 4-7-8 THEMIS image), and
three other spectral units (OYU, DBU and LBU) were mapped in further detail with
THEMIS. Spectral information was extracted from TES data to model the approximate
mineral compositions of these units. Based on TES spectral characteristics and linear
spectral deconvolutions, the OYU and DBU were found to be similar to Surface Type 1,
which has been interpreted as basaltic in composition [Christensen et al., 2000a;
Bandfield et al., 2000a; Hamilton et al., 2001]. The ORMU was most consistent with a
basalt rich in olivine of Fo60-68 composition, and the LBU was spectrally dominated by
Martian surface dust.
Additional information regarding the petrogenesis of the ORMU was revealed by
detailed mapping with THEMIS. A well-documented high thermal inertia (TI) unit [e.g.,
Putzig et al., 2005] in S Isidis correlates with our mapped ORMU. Comparisons of
THEMIS nTIR TB images with THEMIS corrected surface emissivity revealed a
correlation between lower emissivity in THEMIS band 7 (~11.0), from the presence of
olivine and higher THEMIS nTIR TB.

Based on other studies, this relationship is

consistent with the observations of olivine-rich deposits throughout Mars [Christensen et
al., 2003, 2005; Hamilton and Christensen, 2005; Mustard et al., 2005; Rogers et al.,
2005].
The ORMU was shown to be closely associated with both degraded and fresh
impacts on the basin floor. Five craters ranging in apparent diameter from 8.8 to 41.8
km, as well as several small craters (Da < 5 km), were found to have excavated the
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ORMU from beneath the Isidis plains.

Based on the sizes of these craters and

calculations from crater scaling relationships, the depths of the olivine-rich magenta unit
with respect to other units mapped in the Isidis Basin were estimated. This allowed the
construction of an interpretative cross-section, and aided in the elimination of several
potential hypotheses for the petrogenesis of the ORMU.
By starting with the interpretations from previous mapping campaigns, multiple
working hypotheses were formulated and evaluated. The possibility that the ORMU
originated as pre-existing materials was ruled out based on embayment relationships with
Libya Montes terrain. There has also been a debate as to whether the Isidis high TI unit
represents some of the oldest materials shed into the basin from the Libya Montes rim
complex. The lack of an olivine spectral signature from clear sources within the Libya
Montes indicated that the ORMU does not represent sediments shed from the highlands.
The most plausible explanation for the origin of the ORMU is that it represents
primitive picritic lavas that invaded the Isidis Basin from Syrtis Major and possibly from
Tyrrhena Patera via the Amenthes Planum breech in the SE rim. If correct, the results
and interpretations presented here not only have implications for the origin and history of
the Isidis Basin, but also for Syrtis Major, and possibly Tyrrhena Patera volcanism.
Supporting evidence comes from spectral, morphological, thermophysical and
topographic data. Critical clues were provided by impact craters on the Isidis plains,
which clearly demonstrated that an olivine-rich body, possible several kilometers thick,
lies beneath the plains of Isidis at least ~90 km from the transition boundary. Evidence
from the impact craters for the presence of such a thick stack of volcanic rocks in the
Isidis Basin is consistent with theoretical studies that have attempted to account for the
positive mass anomaly.
In conclusion, when mapping the surface of Mars, impact craters can provide
important information regarding the surface and subsurface. When combined with local
and regional geologic context, they can be a potent mapping tool for understanding the
petrogenesis of the Martian crust.
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Table 1: Measurements and Crater scaling results for craters associated with the olivine-rich magenta
Name
Location
Yalgoo
84.2ºE, 5.0ºN
Chupadero 83.5ºE, 6.1ºN
Beruri
81.2ºE 5.3ºN
Woking
83.0ºE 5.1ºN
Ohara
82.5ºE 4.9ºN
Dulovo
84.6ºE 3.6ºN
Hashir
82.5ºE 4.9ºN

Da (km)
18.9
8.8
41.8
10.5
9.8
17.7
13.2

mRim(m)

383
201
933
77
88
239
90

a

(m)b
1517
873
2752
180
176
1244
925

md

d/Da
0.080
0.099
0.066
0.017
0.018
0.070
0.070

a

Dt (km)
9.5-13.2
4.4-6.2
20.8-29.1
5.3-7.4
4.9-6.9
8.9-12.4
6.6-9.2

“m” = measured; i.e., measurements of the rim
measurements of crater depth based on the MOLA DEM
c
“c” = calculated; i.e., calculated rim height based on the equations of Garvin et al. [2003].
b
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(m)c
236.2
124.3
458.2
144.2
136
223.5
174.7

cRim

Ejecta (m.)
945-1323
440-616
2080-2912
525-735
490-686
885-1239
660-924

Central uplift (m)
1775
N/A
4021
N/A
N/A
N/A
1227

Table 2: THEMIS-defined units of the Isidis Basin compared to previous geologic units
Locality
Libya Montes
rim complex

Spectral unit
Approximate
THEMIS 4-7-8 Compositiona
OYU
Basaltic
DBUm

Mapped As:
Greeley and Guestb
Noachian-age
Hill unit; Plateau
sequence (Nplh)

Crumpler and Tanakac
Noachian-age Massif
unit (Nm); Noachianage Fluvially-modified
terrain (NHf)

Christensen et al.d
Thermophysical
unit A, B and C;
Ancient crater rim,
Dissected highland,
and Smooth depression
terrains

Tanaka et al.e
Noachian-age
Noachis Terra
and LibyaMontes
unit (Nn/Nl)

Predominantely ORMU
the Transitional
boundary; Libya
Montes

Olivine-rich
basaltic

Noachian-age
Hill unit; Plateau
sequence (Nplh)

Hesperian-age
Terminal valley and
Fluvially-modified
terrains (Ht/HNf)

Thermophysical
unit D; High inertia
terrain

HesperianNoachian-age
NepenthesMensae unit
(HNn)

Outter plains in
contact with
ORMU

DBUc
DBUa

Basaltic

Amazonian-age
Smooth plains
material (Aps)

Hesperian-age
Knobby plains
and Terminal
valley units (Hk/Ht)

Thermophysical
unit E and G; Smooth
basin material and
Aeolian basin deposits

Utopia Planitia 2
unit (HBu2)

Inner plains of
Isidis Basin

LBU

Surface dust;
underlying unit
may be basaltic

Thermophysical
unit F; Ridged basin
terrain

Amazonian-age
Isidis Plains unit
(AIi)

Hesperian-age
Hesperian-age
Ridged-plains unit
Knobby Plains
Vastitas Borealis
unit (Hk)
Formation (Hvr)
a
based on thermal infrared spectra from THEMIS and TES; b Greeley and Guest, 1986; c Crumpler and
Tanaka et al., 2005.
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Tanaka, 2003;

d

Christensen et al., 2005b;

e

Figure 1: Images and mosaics of the inner and southern Isidis Basin and the surrounding
terrain. (a) TES albedo overlain on MOLA shaded relief. Syrtis Major lies to the west
and southwest with an albedo <0.10. Most of the Isidis Basin possesses an albedo >0.20,
with an area of lower albedo that is the focus of this study (white box). (b) TES-derived
Dust Cover Index (DCI) overlain on MOLA shaded relief. The lower-albedo area seen in
the white box in (a) corresponds to an area of high DCI in (b). (c) THEMIS-derived
Thermal Inertia (TI) of the study area ((white box in (a) and (b)). TI values >500 J m-2 K1 -1/2
S occur within the transition boundary between the Isidis Planitia and Libya Montes.

122

123

Figure 2: THEMIS daytime and nighttime brightness temperature (TB) mosaics of
southern Isidis Basin. The dotted-lines represent the approximate boundary where
spectral mapping with THEMIS and TES becomes restricted due to high dust cover with
all regions to the east (right) of the line. North is up. (a) This brightness- and contrastnormalized mosaic of THEMIS nTIR TB images of southern Isidis shows a high thermal
inertia (TI) unit, originally identified by Viking IRTM-derived TI [Palluconi and Kieffer,
1981], as a distinct, well-defined, brighter (warmer) unit that lies predominantly in the
transitional area between the basin floor (Isidis Planitia) and the rim complex (Libya
Montes). (b) This normalized mosaic of THEMIS dTIR TB images of Southern Isidis
clearly shows brighter (warmer) features that are consistent with aeolian-derived wind
streaks. The line labeled A-A’ refers to a MOLA transect in Figure 15.
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Figure 3: THEMIS spectral map of the Isidis Basin, Mars. (a) A THEMIS colorcomposite 4-7-8 emissivity image and emissivity image HSV overlays using colorcomposite(s) of bands 4-7-8 superimposed on THEMIS dTIR TB image(s) (b) and (c).
(a) A THEMIS thermal infrared corrected emissivity image I01420009 (north is up).
Infrared colors from this image were used to define spectral units in this study. Looking
from south to north these units are: orange-yellow (OYU), magenta (ORMU), dark blue
(DBU) and light blue (LBU). (b) The corrected emissivity color-composite image from
(a) overlain on a corresponding dTIR TB image, which enables the geomorphology of the
emissivity units to be more readily discerned. (c) Brightness- and contrast-normalized
corrected emissivity color-composite images superimposed on similarly-normalized dTIR
TB images of the southwestern portion of the Isidis Basin overlain on topography from
the MOLA-derived Digital Elevation Model (DEM). Yellow dashed-circles highlight
craters that excavate or are closely associated with the ORMU (see text). Close-ups and
more details (numbered white boxes) can be seen and are described in Figures 4, 11, 12
and 14.
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Figure 4: Close-up images of craters and other features/deposits associated with the
ORMU. (a) Yalgoo crater (Da = 18.9 km) situated ~50 km to the north of the main
southern exposure of the ORMU in the transition boundary between the plains and the
rim complex (see also Figure 12e and 12f). The numbers on the image refer to the
number and stratigraphic position of ejecta lobes with 1 being the lowest lying lobe and 3
being the topmost lobe. Note that the ORMU is most apparent in the topmost lobe (3).
(b) Chupadero crater (Da = 8.8 km) with ORMU exposed in the ejecta blanket (c)
Fluidized-ejecta emanating from Beruri crater (Da = 41.8 km) possesses occurrences of
ORMU (d) Woking crater (Da = 10.5 km) and (e) Ohara crater (Da = 9.8 km) exhibit
uplifted rims, which have exposed ORMU from just below the plains. (f) Duvolo crater
(Da = 17.7 km) has an ambiguous association with the ORMU (see text) (g) as does
Hashir crater (Da = 13.2), which is infilled by ORMU and a semi-resistant olivine-poor
cap rock (see also Figure 11c). (h) The western exposure of the ORMU is situated at the
flow-front of lava flows emanating from Syrtis Major that infiltrated Isidis Planitia from
the west and southwest. Yellow arrows in all panels point to small, unnamed craters
(some <1 km in diameter) that excavate the ORMU from beneath the DBU on the plains.
White arrows (in panel C) do not appear to excavate the ORMU, or possibly indicate that
these are older craters that may have had their ejecta removed by erosion.
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Figure 5: THEMIS corrected emissivity spectra of the four Isidis Basin units. The
dashed-lined spectra represent the average from the three THEMIS corrected emissivity
cubes used for spectral analysis. Emissivity spectra representative of (a) the dark blue
unit (DBU), (b) the olivine-rich magenta unit (ORMU), (c) the light blue unit (LBU) and
(d) the orange-yellow unit (OYU)—uncorrected for the effects of elevation differences
(see text) .
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Figure 6: Isidis THEMIS corrected emissivity spectra compared to TES global endmembers. THEMIS spectra from Isidis are compared here to the TES-defined global
surface end-members based on TES [Bandfield et al., 2000a; 2000b; Bandfield, 2002;
Bandfield and Smith, 2003].
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Figure 7: THEMIS spectra of the ORMU compared to an olivine-rich spectrum from
Ares Valles and a lab collected olivine spectrum. An ORMU spectrum with a “best
pixel” spectrum (a single spectrum from within the ORMU with the lowest emissivity in
band 7 [~11.0 µm]) are compared to an olivine-rich Ares Valles spectrum from [Rogers
et al., 2005] and a lab collected Fo68 olivine spectrum.
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Figure 8: TES spectral ratio of nonatmospherically corrected data from the ORMU
divided by the DBU. (a) Outline of TES pixel footprints from OCK 3622 overlain on the
THEMIS corrected emissivity color-composite/dTIR TB image. (b) Top: Spectra were
extracted (red and blue highlighted boxes in (a)) and were averaged for both the ORMU
and the DBU (TES pixels from ICKs 1779, 1780, 1783, 1784 and 1785). Bottom: Ratio
of averaged TES spectrum from the ORMU divided by averaged spectrum from the DBU
(top), compared to a laboratory-derived olivine spectra and a ratio spectrum from the
olivine-rich area in Nilli Fossae. Spectra used for the ratio method have not been
corrected for atmospheric effects on the assumption that these effects, within the same
observation, divide out in the ratio. Note that the absorptions in the Isidis ratio spectrum
between 1000 and 800 cm-1 and 500 and 200 cm-1 (10-12.5 and 20-50 µm, respectively)
and the similarities between the Isidis and Nili spectra over the entire range.
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Figure 9: TES corrected emissivity spectra of the four Isidis Basin units. The Isidis TES
spectra are compared to lab collected olivine spectra, an averaged spectrum from the
olivine-rich unit in Nili Fossae and the TES-derived global surface end-members (i.e.,
surface dust, ST1, and ST2) [Bandfield et al., 2000a; 2000b; Bandfield, 2002; Bandfield
and Smith, 2003]. The lab-collected olivine spectra are contrast-adjusted (~70%
blackbody) for comparative purposes. The vertical-scale offset for all spectra is 0.05
emissivity except for the olivine spectra (Fo60, Fo68), which have been offset 0.10 from
the Nili Fossae spectrum for clarity.
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Figure 10: Linear deconvolution results for Isidis spectral units. Average TES corrected
emissivity (solid line) spectra of Isidis units and for the Nili Fossae olivine-rich unit
(NFORU) and their modeled spectra (dash-dotted line) derived from a linear spectral
deconvolution algorithm (see text). Modal mineral abundances are given on the right. No
offset exists between the ORMU and NFORU spectra; offset for all other spectra is 0.1
emissivity for clarity.
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Figure 11: MOC images of THEMIS-defined units of the Isidis Basin (north is to the
right in all images). (a) A context MOC image (R13-03864 at 6.12m/pixel) with close-up
images in panels (b) and (c) covering the contacts between the ORMU (left) and massifs
of Libya Montes (mapped as LBU, OYU and DBU) (right). Panel (b) shows a close-up
of a typical surface exposure associated with the ORMU. Panel (c) shows a close-up of
the semi-resistant and olivine-poor cap rock that is closely associated with the ORMU
when it occurs in Libya Montes and the transition boundary. Some crude layering can be
seen in the underlying lighter-toned materials associated with the ORMU. Images (d)
and (e) are close-up images of the DBU and the LBU taken from MOC image (E1102075 at 3.06 m/pixel).
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Figure 12: THEMIS emissivity 4-7-8 color-composite HSV overlays on band-3 THEMIS
visible (18 m/pixel) and narrow-angle (NA) MOC images showing occurrences of the
ORMU. (a) A THEMIS visible image V03205003 with white arrows that point to the
smoother, semi-resistant cap rock that conformably overlies the rougher, olivine-rich
ORMU. Both the cap rock and the ORMU can be seen infilling Hashir crater just within
Libya Montes, at the transition boundary and just within the plains of the Isidis Basin.
(b) THEMIS visible image V03230003 covering (from south to north) the Libya Montes,
the transition boundary, and Isidis Planitia. The dashed-lines denote the edges of the
transition boundary (ORMU) with Isidis Planitia to the north and Libya Montes to the
south. This image provides additional context for transition-plains boundary covered by
the MOC image in panel (c) MOC image (M2301800 - 4.9 m/pixel). The cap rock right
at the boundary maps as ORMU (note that the relatively low albedo causes the magenta
unit to appear maroon), which transitions to the DBU with some patches of ORMU and
DBU between the two. Some crude layering (white arrows) can be seen in the ORMU
associated with the transition boundary and mirrored in the overlying cap unit, both of
which embay preexisting massifs of the Libya Montes terrain. (d) A similar relationship
between a olivine-poor cap rock and an olivine-rich unit (white arrow) can be recognized
in THEMIS visible image V09921011 of the Nili Fossae region. (e) THEMIS emissivity
overlay on THEMIS visible image V19243016 of Yalgoo. The white box refers to the
image in panel (f) which is an overlay of THEMIS on a MOC image (S0601873 3.05
m/pixel). The arrow points to an outcrop with some crude layering within the crater wall.
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Figure 13: Contours on THEMIS dTIR TB mosaic highlighting the topographic extent of
the ORMU (north is up). The bulk of the southern exposure of the olivine-rich magenta
unit lies between an elevation of -3600 to -3000 (solid bold line) below the mean Mars
datum. The south-easternmost exposure appears to drape the lowest lying topography in
a large breached 63-km crater on the Isidis rim starting at a maximum elevation of -2700
(dotted line) and descends to an elevation of -3600. A small portion of the ORMU (not
shown) lies approximately 50-100 (dotted-line) meters below the lower limit of the bulk
of the exposure (-3600). On the bottom right v-shaped contours indicate a valley, which
suggests that the crater rim of a unnamed 63-km diameter crater and the surrounding
terrain may have been down-cut possibly by fluid-flow (e.g., aqueous, thermal, etc.).

145

146

Figure 14: A close-up view of the easternmost occurrence of the ORMU within the Isidis
Basin. The plan view (top left) and three perspective views (top right) show that the
ORMU clearly overlies and embays the older preexisting features associated with the
Libya Montes rim complex, such as massifs, and the features interpreted by Crumpler
and Tanaka [2003] as pediments and bajadas. The ORMU then appears to traverse
through the Libya Montes terrain and down to the plains where it is in turn embayed by
plains materials. These images were created in the same manner as the image in Figure
3b, and then draped on topography data derived from the MOLA DEM. The black box
outlines the area covered by the THEMIS emissivity 4-7-8 color-composite HSV overlay
on a band-3 THEMIS VIS image (V03180006 – 18m/pixel) (bottom), in which
relationships between geologic units defined in section 4 are best observed.
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Figure 15: An interpretive cross-section of the Southern Isidis Basin. This cross-section of the Southern Isidis Basin is based
on THEMIS-defined units and an A-A’ MOLA transect from Figure 2, which includes (from left to right) Chupadero, Yalgoo,
Hashir and the unnamed 63-km diameter craters. Crater exposed occurrences of THEMIS-defined units and estimates from
crater scaling relationships were used to approximate the subsurface contacts of these units.
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Figure 16: An excerpt from the map entitled, “Geologic Map of the Northern Plains of
Mars” by Tanaka et al. [2005]. The white X’s marks the locations of the olivine-rich
magenta unit as it is exposed at the surface at the transition boundary. The impact that
created Beruri likely obscured the connecting path between these two exposures (white
dotted-line). This hypothesis is corroborated by the fact that Beruri sampled ORMU
within its ejecta blanket (refer back to Figure 4c).
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Part 4
Identification of Large (2–10 km) Rayed Craters on Mars in THEMIS Thermal
Infrared Images: Implications for Possible Martian Meteorite Source Regions
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This chapter is a reformatted version of a paper by the same name published in the
Journal of Geophysical Research - Planets in 2006 by Livio L. Tornabene, Jeffrey E.
Moersch, Harry Y. McSween Jr., Alfred S. McEwen, Jennifer L. Piatek, Keith A. Milam
and Philip R. Christensen.
Tornabene, L. L., J. E. Moersch, H. Y. McSween Jr., A. S. McEwen, J. L. Piatek, K. A.
Milam, and P. R. Christensen (2006), Identification of large (2–10 km) rayed craters on
Mars in THEMIS thermal infrared images: Implications for possible Martian meteorite
source regions, J. Geophys. Res., 111, E10006, doi:10.1029/2005JE002600.

Abstract
Four definitive and three probable rayed craters have been identified on Mars
using 100-m resolution thermal infrared images obtained by the Mars Odyssey Thermal
Emission Imaging System (THEMIS). These seven craters are similar to the previously
discovered rayed crater Zunil and are best recognized by a distinct thermal contrast with
respect to their surroundings. Martian rays, unlike their lunar counterparts, only exhibit
minor contrasts in visible albedo. As a consequence, their presence on Mars most likely
went unnoticed until substantial global coverage of THEMIS thermal infrared was
achieved. Their presence has since been discerned in the coarser-resolution Thermal
Emission Spectrometer (TES) data set, which preceded THEMIS. Observations in visible
images of the primary cavities, secondaries, and rays suggest that, like lunar ray
counterparts, Martian rays are invariably young geomorphic features. Martian rays are
typically greater than hundreds of kilometers in length and consist of numerous densely
clustered secondary craters, and thereby are a physical manifestation of high-velocity
ejecta. Spallation accounts for a small fraction of the high-velocity ejecta that experience
low-shock compression due to interference from the rarefaction wave with the free
surface. Spallation is currently the favored mechanism responsible for ejecting meteorites
from Mars and is likely responsible for some of the ray-forming secondaries. Additional
observations and inferences based on Martian rayed craters are compared with current
Martian meteorite delivery models and the Martian meteorites themselves. The
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correlations presented here suggest that Martian rayed craters are the most plausible
candidate source craters for the Martian meteorites to date.

1.

Introduction
Crater rays are among the most conspicuous features on the Moon, Mercury, and

large, icy Galilean satellites. These distinctive radial to subradial lineaments typically
extend hundreds of kilometers from their source craters, and are readily identified by a
contrast in albedo with respect to the overlain surface materials, especially when viewed
at low phase angles. Lunar rays typically consist of thin layers of primary and secondary
ejecta and surge deposits that are intimately mixed (for a historical review on lunar
impact theory, see Schultz [1998]). On the Moon, it is the ejection of optically immature
lunar soils or high-albedo anorthositic materials that typically lend a higher albedo
appearance to these far-reaching radial features, especially when they are superimposed
on the lower-albedo lunar maria (for a recent review of lunar rayed craters, see Hawke et
al. [2004]).
Crater rays are very useful chronologic markers. In most cases, they are relatively
ephemeral geomorphic features and therefore are purported to be among the most
recently formed craters on planetary surfaces. In fact, the most recent geologic time
period on the Moon, the Copernican Era, was defined by the radiometric dating
techniques applied to glassy materials recovered from what is believed to be ejecta from
the rayed crater Copernicus [Marvin et al., 1971; Meyer et al., 1971; Wentworth et al.,
1994]. Spectral studies of the optical maturity of lunar soils/ray material have been used
in an attempt to further divide the Copernican Era and determine age differences between
rayed craters that possess sets of optically immature rays [e.g., McEwen et al., 1997;
Lucey et al., 2000; Grier et al., 2001; Hawke et al., 2004].
For planets with nonnegligible atmospheres, crater rays were believed to have
either not formed, or if formed, to have been deleted by geologic activity over brief
geologic periods [Melosh, 1989]. Schultz and Singer [1980] suggested that material
strength of the target surface plays the most significant role on whether significant
secondaries (ray- or non-ray-forming) form around Martian craters, and the atmosphere
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does not preclude their formation. Although the possibility of rays on Mars was
recognized by them in Viking data [Schultz and Singer, 1980], unambiguous evidence of
definitive rayed crater systems on Mars remained elusive until the discovery of Zunil's
rays [McEwen et al., 2003] in 100-m resolution nighttime thermal infrared images from
the Thermal Emission Imaging System (THEMIS) onboard the Mars Odyssey spacecraft
[Christensen et al., 2004].
In this study, we report the discovery of four additional rayed craters and three
probable ones that have similar characteristics to Zunil. In part one of this paper, we
summarize the discovery of Zunil and the subsequent discovery of newly documented
Martian rayed craters. We describe the similarities and differences observed in thermal
infrared (TIR) and visible (VIS) images, and then we discuss how some of our
observations provide insight into the ray formation process on Mars. In the second part of
this paper we explore the possibility that rayed craters may be the best candidate source
craters for the Martian meteorites to date. This hypothesis is supported by correlating
Martian rayed crater observations and inferences regarding the physical properties of
their target surfaces with what we have learned from the most recent Martian meteorite
delivery models and from detailed analyses of Martian meteorites. Finally, we propose
putative links between specific Martian meteorite classes and the rayed craters discovered
thus far. This is accomplished by matching the crystallization age groups defined by
Nyquist et al. [2001] to the surface ages inferred for the units in which each rayed crater
system occurs.
For the purpose of this paper, our use of the terms “crater ray,” or “ray,” refers to
radial to subradial filamentous elements that radiate from a source crater like spokes on a
wheel, possess a clear separation between elements, contrast with their surrounding
surface environment in either visible or thermal images, and have lengths of >25 crater
radii. We note that some earlier discussions of crater rays on Mars [Schultz and Singer,
1980] have employed a somewhat different definition of rays. In this earlier work, a ray
was defined as a chain or cluster of secondary craters. Although crater rays are often
associated with chains of secondaries, the presence of chains of secondaries alone is
insufficient to be called a ray in our use of the term. The defining property of a ray is its
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contrast (albedo or thermophysical) with its surroundings. We also note that the chains of
secondaries previously noted by Schultz and Singer [1980] were observed only ~12 crater
radii from their primary source crater, whereas the features described here are typically in
excess of 100 crater radii. Also, our use of the term “rayed crater,” unless specified
otherwise, refers to large-scale rayed crater systems on Mars originating from primary
craters with apparent diameters larger than 1 km, and not to the small-scale
(subkilometer) rayed craters that have previously been observed in narrow-angle Mars
Orbiter Camera (NA-MOC) visible images [Grier and Hartmann, 2000; M. Malin,
personal communication, 2004].

2.

Large Rayed Craters on Mars

2.1.

Discovery of Rayed Crater Zunil
McEwen et al. [2003, 2005] reported the discovery of east-west trending, dark,

cold and relatively low-thermal inertia (low-TI) streaks in a THEMIS nighttime thermal
infrared (nTIR) mosaic of Athabasca Valles. These nTIR cold streaks (Figure 1a; for all
mosaics presented here, temperature differences due to local time differences and season
were minimized by normalizing the images prior to mosaicking) are radial to a fresh
crater in the Elysium Planitia just southeast of Cerberus Planum (7.7°N, 166°E) with an
apparent diameter of 10.1 km. A closer inspection of these cold streaks reveals small (up
to 300 m in diameter), warm spots, which coincide with radial clusters or chains of
secondary craters (~50–200 m diameter) in visible images (both MOC – ~5 m/pixel and
THEMIS VIS – ~18m/pixel). The cold streaks associated with the warm spots appear to
correspond to the ejecta and surge deposits from the primary and these 50–200 m
diameter secondary craters. Craters 20–100 m in diameter within Elysium Planitia,
described earlier by Grier and Hartmann [2000] as small rayed craters (e.g., see MOC
image: M0701888 - 5.8 m/pixel) bearing one to two ejecta facies, have now come to be
considered part of the secondary crater field of Zunil [McEwen et al., 2003, 2005;
Preblich et al., 2005]. The THEMIS daytime thermal infrared (dTIR) mosaic of the Zunil
secondary field reveals very faint, cold streaks closely associated with these secondaries.
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These TIR dark streaks, both day and night, that emanate from Zunil were interpreted by
McEwen et al. [2003, 2005] to be analogous to lunar rays. These observations are
somewhat consistent with the characteristics of bright lunar rays ascertained from Earthbased observations of thermal anomalies noted during lunar eclipses [Shorthill et al.,
1960; Sinton, 1962; Shorthill and Saari, 1965; Schultz and Mendell, 1978]. Unlike
Zunil's rays [McEwen et al., 2005], bright lunar rays do not possess a significant thermal
signature. However, some lunar rays exhibit slight thermal enhancements associated with
ray patches containing what are interpreted to be secondaries and large blocks of primary
or secondary ejecta [Schultz and Mendell, 1978]. These thermally enhanced “patches” are
similar to the “warm spots” described above that are associated with Zunil's rays.
The longest continuous rays emanating from Zunil are generally discernable in
the THEMIS TIR mosaics up to approximately 800 km from the crater (~158 radii), and
clusters of possible secondaries occur up to 1600 km (~317 radii) away. Recent work by
Preblich et al. [2005] using MOC and THEMIS VIS images showed that putative Zunil
secondaries (i.e., a subkilometer diameter, fresh-appearing crater bearing intact (1–2)
ejecta facies) could be traced as far as 3000 km (~594 radii) to the west of Zunil. Zunil
has a secondary field that has been estimated to consist of ~107 craters ≥10 m diameter
[McEwen et al., 2005]. Such a populous field of secondary craters 10–200 m in diameter
has significant implications for crater production curves that extend down to these sizes
(for more details, see McEwen et al. [2005]).
2.2.

Discovery of Additional Rayed Craters
Because Zunil's rays were most easily recognized by a contrast in thermal

properties, it seemed reasonable that other Martian rayed crater systems might exhibit the
same characteristic ray signature. For our global survey we used both THEMIS nTIR and
dTIR brightness temperature images derived from band 9 (12.6 µm) (abbreviated as
THEMIS nTIR or THEMIS dTIR images/mosaic) at resolutions ranging from 32 to 256
pixels per degree (ppd). Our survey focused on latitudes specifically between 45°N and
45°S because surface radiance and diurnal thermal contrast generally decrease poleward
of the equator. Lower surface radiance translates as lower signal to noise detected at the
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instrument, which generates poor quality images (especially at night when temperatures
are much colder) and inhibits the unambiguous detection of thermal ray features.
2.3.

Geologic Setting
During this study we identified four additional definitive rayed craters and three

probable rayed craters (Figure 2) (with Zunil, a total of eight). The four new Martian
rayed craters possess International Astronomical Union (IAU) provisional names of
Gratteri, Tomini, Zumba, and Dilly (named after small towns or villages in Italy,
Indonesia, Ecuador, and Mali, respectively), while the three probable rayed craters
currently remain unnamed. As shown in Figure 2, both the definitive and probable rayed
craters lie within lava plains or adjacent to major volcanic edifices. Six of the eight
craters cluster within or near the young-to-intermediate age lava plains of Elysium
Planitia and the two remaining craters, Gratteri and Zumba, lie on the outskirts of the
Tharsis region.
Dilly crater, the smallest of the definitive rayed craters described here, has an
apparent diameter of 2.0 km and its longest ray length is ~50 km (50 radii). It was
discovered in Cerberus Planum and is centered at 13.28°N, 157.21°E, approximately
1250 km from Elysium Mons. Dilly formed within the Amazonian-age, member 1 of the
Eastern volcanic assemblage of the Elysium Formation (Ael1) [Greeley and Guest,
1987]. The asymmetric “butterfly wing” ejecta pattern and elliptical shape of the crater
(Figure 3) suggest that this crater was formed by a very low-angle/oblique impact [Gault
and Wedekind, 1978], most likely from the NE direction.
Zumba crater, centered at 28.65°S, 226.9°E, formed within the Hesperian-age,
member 2 unit of the Tharsis Montes formation (Ht2) in Daedalia Planum [Scott and
Tanaka, 1986]. Zumba formed on the distal end of a series of thermophysically distinct
(i.e., warmer than the surrounding terrain in THEMIS nTIR images) lava flows
originating from Arsia Mons ~1300 km to the northeast. Zumba is unique among the five
definitive rayed craters described here because it is readily discernable in both THEMIS
dTIR and nTIR mosaics (Figures 4a and 4b) with rays possessing a more distinct thermal
signature in the dTIR rather than the nTIR. Zumba has an apparent diameter of 3.3 km
with ray lengths up to ~240 km long (145.5 radii).
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Tomini crater is centered at 16.47°N, 125.77°E just south of Haephestus Fossae
and Hebrus Valles. The crater lies ~1250 km southwest of Elysium Mons within the
Hesperian-age, Ridged plains unit (Hr), but lies close to the boundary between this unit
and the Amazonian-age Knobby plains material unit (Apk) [Greeley and Guest, 1987].
Tomini has a 7.4-km apparent diameter and exhibits both clockwise and
counterclockwise arcuate rays (Figure 5) that can be identified in the THEMIS nTIR
mosaic up to ~668 km away (180.5 radii).
Gratteri crater, located in the vicinity of Memnonia Fossae, provides the best
example to date of a Martian rayed crater with a strong thermophysical contrast as can be
observed at a large scale in a THEMIS nTIR mosaic (Figure 6). Gratteri displays more
than 30 rays that are easily discerned against the relatively warmer background surface
with the farthest-reaching rays extending up to ~595 km from the primary cavity (172.5
radii). Gratteri has a 6.9-km apparent diameter and is centered at 17.8°S, 202.02°E,
within the Noachian-aged plateau sequence of the Ridge Unit (Nplr) [Scott and Tanaka,
1986].
2.4.

Other Probable or Older/Degraded Rayed Craters in Visible and Thermal

Infrared Images
Three “probable,” possibly older, rayed craters were recognized in high-resolution
mosaics containing the five previously discussed rayed craters. Histogram-matched
contrast stretching of the component THEMIS nTIR scenes in these mosaics revealed
faint temperature signatures of a few rays that were not as readily discernable in the
original images. The locations of the three probable rayed craters (Figure 2) are all within
or near Elysium: two near Zunil and Dilly (referred to as Crater A and B in Table 1), and
the other near Tomini, which we refer to informally as Tomini B (Figure 7a). Tomini B is
centered at 14.9°N, 123.25°E with an apparent diameter of 4.2 km and has three
discernable rays with one as long as ~220 km (105 radii). The larger of the two near
Zunil and Dilly (Figure 7b) is centered at 18.1°N, 155.5°E and has a diameter of 5.7 km
with a very faint ray discernable up to only ~86 km (30 radii). The smaller one (Figure
7c) has a diameter of ~1.5 km and is centered at 15.5°N, 159.2°E with a ray discernable
up to ~42 km away (56 radii) in the THEMIS nTIR mosaic. These probable rayed craters
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are most likely slightly older craters whose rays have faded due to active aeolian
processes.

3.

Observations and Characteristics of Martian Rayed Craters

3.1.

General Correlations between THEMIS TIR and Other Data Set
The discovery of these additional Martian rayed craters and observations of their

features using multiple Mars data sets (e.g., MOLA-DEM, Viking MDIM 2.0, THEMIS
VIS, both wide-angle and narrow-angle MOC, and TES-derived data products such as
thermal inertia (TI), Lambert albedo and Dust Cover Index (DCI)) enables us to address
some important questions: Are these craters like rayed craters on other bodies? Are they
invariably young features? Are they possibly the youngest craters of their size class on
Mars? Are the features of these additional examples of rayed craters consistent with Zunil
and each other? Do these additional examples give us insight into the ray formation
process on Mars?
Using the JMars software package [Gorelick et al., 2003] developed at ASU
(http://jmars.asu.edu/), various Mars data sets were overlain on the THEMIS TIR mosaics
of the five definitive rayed craters. These overlays were used to observe and describe
both general and detailed correlations between these data sets with the observations that
were documented from the THEMIS nTIR and dTIR mosaics. A comparison of visible
images from THEMIS, wide-angle (WA)-MOC and Viking Mars Digital Image Model
(MDIM) 2.0 with the TIR mosaics of the five definitive large rayed craters reveals that
only Gratteri (compare Figures 8a and 8b) and Zumba show any albedo contrasts
between the rays and their surroundings. The rays appear only after a strong linear stretch
has been applied to these images, signifying that the albedo difference between the rays
and the surrounding surface maybe very low. This is unlike lunar, Mercurian, and
Galilean satellite crater rays, which have a distinctive albedo contrast with respect to the
surface materials they superimpose (see review by Hawke et al. [2004]).
Figure 9 shows how Martian rayed craters have only been identified in regions
with specific thermal or thermophysical properties on Mars. Overlays of Thermal
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Emission Spectrometer (TES)-derived TI [Mellon et al., 2000; Putzig et al., 2005],
Lambert albedo [Christensen et al., 2001] and Dust Cover Index (DCI) [Ruff and
Christensen, 2002] indicate that rayed craters are located in regions with intermediate
albedo (0.19–0.27), intermediate to high TI (120–320) [Mellon et al., 2000], and
intermediate silicate-dust cover with a DCI of 0.94–0.96. Regions bearing these
properties have been defined as Unit C by Mellon et al. [2000]. Rays that do not fall into
the bounds of Unit C are nondetectable to barely distinguishable. This issue is best
demonstrated by Zunil, which has both features clearly visible within Unit C and features
outside of Unit C that are barely discernable (Figure 1a; also see Preblich et al. [2005]).
Essentially, most of Zunil's rays were deposited over a surface bearing a similar
thermophysical signature to the rays themselves, so many of Zunil's rays are difficult to
distinguish in a THEMIS nTIR mosaic unless a severe stretch is applied to the image to
bring out the warmer thermal signature of the ray-forming secondaries (see Figures 1b
and 1c). We observe a similar phenomenon just north of Gratteri (Figure 6), where we
might expect to see nighttime dark (colder, lower-TI) rays, but if present, they are not
detectable within this predominantly nighttime dark, possibly dust-mantled region.
3.2.

Definition and Characteristics of Rayed Crater Thermophysical Facies
THEMIS nTIR images and TES-derived TIs were used to describe the

thermophysical facies of Martian rayed crater systems. THEMIS dTIR images cannot
easily be used as a proxy for TI. We have observed that, with the exception of the rayed
crater Zumba, THEMIS dTIR images show faint thermal contrasts between rays and
adjacent terrain because the small thermal signature associated with the rays are often
overwhelmed by effects of albedo, slope and the specific time of day on surface radiance
(e.g., late afternoon dTIR images). Because albedo, slope and time of day tend to
dominate daytime surface temperatures, THEMIS nTIR images are used as a proxy for
relative TIs. This is because albedo, slope, and time of night have less of an influence on
the surface temperatures during the predawn hours [Pelkey et al., 2003].
For the rayed craters systems described in this study, seven thermophysical facies
are defined and described from the THEMIS nTIR images (Table 2). These facies were
defined using Gratteri as an example, because, of all the examples, it bears the strongest,
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most clearly discernable features. The facies were categorized into three morphological
groups: ray, ejecta and crater and are described in a “higher” and “lower” relative TI
sense with respect to the background surface's TI. The different thermophysical units are
likely to arise from differences in the average particle size or degree of induration. Darker
(cooler) areas in THEMIS nTIR images have lower-TI, and possibly consist of finegrained materials that are loosely packed or poorly indurated, whereas brighter (warmer)
areas have relatively higher-TI, reflecting larger particle sizes and/or higher degrees of
induration [Mellon et al., 2000].
Martian rays consist of two thermophysical facies, the colder Ray facies 1 (r1)
and the warmer Ray facies (r2). Facies r1 is observed at all five definitive rayed craters,
can be just discerned with respect to the three probable rayed craters, and is the main
criterion for the positive identification of rayed craters on Mars. Gratteri's r1 facies varies
in temperature by as much as −5.6 K with respect to the surrounding surface. This makes
r1 the coldest, and possibly the finest-grained facies (i.e., lowest TI) in Martian rayed
crater systems (Table 2). The warmer, r2 facies represents the small spots (typically, ~1–
3 pixels) within r1 that are consistently warmer than r1, and in some cases, warmer then
the surrounding surface. This facies is the third warmest facies after the crater wall
(Crater facies 1, c1) and Ejecta facies 2 (e2) (Table 2). Facies r2 is prominent within
Gratteri's rays (Figure 8a), is sporadically present in Zunil's and Zumba's rays, but
appears to be absent from Tomini and Dilly's. In the particular case of Zunil, this facies is
often easier to locate in THEMIS dTIR images, as it appears cooler than its surroundings
during the day. Similar observations of thermal anomalies in lunar rays have been
suggested to represent large blocks of primary ejecta [Schultz and Mendell, 1978], which
is also suggested to be the most likely interpretation for the Martian rayed crater r2 facies.
Ejecta facies 1 (e1) is the second coldest after the r1 facies. With respect to
Gratteri, this facies spans ~13 to 36 radii from the crater rim. Facies e1 appears to be
absent from both Tomini and Zunil. The regional surface temperature is relatively cool
with respect to Zunil making these facies and others difficult to perceive. A close
inspection, which requires the full resolution of the Zunil THEMIS nTIR mosaic to be
convincing, reveals a diffuse, relatively cool semicircular patch to the south and north
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east of the Zunil's primary. This cooler patch, which we interpret to be e1, spans ~9–29
radii and can be observed to transition into the faint rays associated with Zunil's southern
strewn field (Figure 1a). Tomini appears to truly lack this facies. This is based on the
observation that Tomini's e2 facies transitions directly into r1 (Figure 5).
Facies e2 can be seen surrounding the primary cavity of Gratteri ~2 to 13 radii
from the rim (Figure 8c). This facies is the second warmest facies and is likely consist of
coarser-grained, blockier ejecta. Zunil appears to lack this facies, but a closer inspection
reveals a diffuse warm patch between the continuous ejecta (~2 radii) and e1 (~9 radii)
(Figure 1a). Why this facies is so underdeveloped with respect to Zunil is not entirely
clear, but is probably related to either the thermophysical or physical properties of the
target surface. Another hypothesis that could account for Zunil's underdeveloped e2
facies is based on the observation that Zunil lacks secondary craters out to ~16 crater
radii (80 km) from the rim of Zunil [McEwen et al., 2005]. Multiple secondaries proximal
to the crater could be essential to create the coarser-grained ejecta required to generate
the warmer temperatures indicative of this facies. Additional observations of the other
rayed craters indicate that this is a likely scenario. Gratteri's e2 facies extends out to 13
crater radii and Zumba's extends to approximately 11 radii. The radial extent for Gratteri
and Zumba's e2 facies is on the order of the observed zone of 16 radii for Zunil.
Ejecta facies 3 (e3) is the most proximal ejecta facies to the primary cavities of
Martian rayed crater systems. With respect to Gratteri, e3 extends 2 crater radii and is the
fourth coldest facies. This facies does not appear to be clearly defined with respect to
Zunil or Tomini, and is completely absent from Dilly. Zunil's diffuse e3 facies coincides
with a partially fluidized ejecta blanket [see McEwen et al., 2005, Figure 8c], which is
only slightly cooler then the predominantly lower-temperature/lower-TI background of
Cerberus Planum (Figure 1a). With respect to Tomini, its most proximal ejecta facies
appears to have both colder and warmer regions. The warmer portions of Tomini's e3
facies may arise from recent modification or possibly from the presence of coarser
blockier ejecta with respect to the other examples.
Crater facies 1 (c1) and 2 (c2) are present at all rayed craters in this study. Crater
facies 1 is the warmest facies measured with a ΔT of ~14 K with respect to the average
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temperature of the surrounding surface. This facies likely represents bedrock exposure
within the primary crater wall. Facies c2, also found in all the rayed craters, correlates
with colder talus or postimpact intracrater fill deposits that are commonly found in
Martian craters of all types and sizes. This facies is the third coldest facies with respect to
the Gratteri example.
Some of these thermophysical facies defined here in the THEMIS TIR images are
also surprisingly quite apparent in the TES data set. Four of the five definitive rayed
craters are sizable enough to have distinct, nearly concentric patterns that can be
recognized in the TES-derived TI map that was recently rebinned down to 20 pixels per
degree (ppd) by Putzig et al. [2005]. In the cases of Zumba, Tomini and Gratteri,
individual rays are detectable (Figure 10). By comparing Figures 4, 5, and 6 with Figures
10a, 10b, and 10c, respectively, Facies r1, r2, e1 and e2 can be discerned in these
patterns. Dilly is far too small to be resolved in the TES data set. Zunil exhibits two
distinct rays (r1) in the TES-derived TI data set, but probably lacks the thermophysical
contrast with background surface materials required to see other facies within this data
set. Blocks up to 10 m diameter are fairly abundant on the raised rim of Zunil but likely
lack a thermophysical signature due to the deposition of a thermally thick dust layer in
Cerberus Planum since Zunil's formation [McEwen et al., 2005].
Quantitative TES-derived TI measurements of these facies, despite the coarse
resolution of this data set (~3 km/pixel), yield important insights into the physical nature
of some these facies. However, the coarse resolution does preclude extracting
measurements of facies that are generally on the order of the pixel size (e.g., c1, c2, etc.).
Despite their size, both Gratteri's Facies r1 and r2 can be measured as a single facies and
possesses a TI ranging from 84 to 124 J m−2 s−1/2 K−1. Facies e1 and e2 yield values of
97–119 and 215–265 J m−2 s−1/2 K−1, respectively [Mellon et al., 2000; Putzig et al.,
2005]. Assuming a basaltic composition and minimal compaction, the TI values for
Facies r1, r2 and e1 correspond to particles 10s of microns in size (i.e., dust). Facies e2 is
consistent with fine sand-sized particles up to hundreds of microns in size [Pelkey et al.,
2001]. These averages result from sub-TES-pixel mixing of multiple thermal inertia units
(e.g., Ray facies 1 and 2) as defined in the THEMIS nTIR mosaics. Therefore the
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particle-size interpretations of these morphological features should be thought of in a
relative sense. Facies r1 and e1 probably consist of smaller particle sizes, but may be
averaging in cobbles and boulders from preexisting ejecta, whereas e2 may consist of
larger particle sizes and probably represents a mixture of several large (centimeter-sized)
ejecta blocks mixed with fine-grained materials.
3.3.

Detailed Observations of Martian Crater Rays
Martian rays typically manifest as radiating, feathery and arcuate en echelon

elements that are radial to subradial to the source crater (Figures 1, 3, 4, 5, and 6). When
viewed in visible wavelengths these features are difficult to discern (Figure 8b), but
otherwise possess similarities to rayed craters on other bodies. By using the THEMIS
nTIR images as a guide for both examples from THEMIS VIS (~18 m/pixel) and NAMOC (~1–5 m/pixel) we can observe both THEMIS-defined Facies r1 and r2 in exquisite
up-close detail.
Figure 11 features a NA-MOC image (M0903593 - 2.8 m/pixel) that crosses two
of Gratteri's distinct rays and includes coverage of both THEMIS-defined Facies r1 and
r2 as well as multiple undisturbed surfaces (uS) on which no rays or chains of secondary
craters can be discerned. Figure 11a shows a context image displaying the rendered MOC
(outlined in white). Further context was provided by Figure 11b with respect to the facies
(i.e., r1 and r2) covered by MOC and the undisturbed surface. In both Figures 11a and
11b, we can see two rays covered by this MOC strip – one long at the bottom of the
image and one shorter toward the top. Both the lower-TI r1 facies and higher-TI r2 facies
of the longer ray are covered within the lower portion of the subset MOC image featured
in Figure 11c. Figure 11d is a schematic sketch map of Figure 11c, which is provided to
aid in the interpretations of these facies as they appear in the MOC image featured in
Figure 11c.
Like their lunar counterparts (see review by Hawke et al. [2004]), Martian rays
appear to be comprised of numerous, densely and narrowly clustered chains of small (10s
to hundreds of meters) secondary impact craters and their ejecta. As can be seen by
comparing Figure 11c and 11d, the lower-TI outer facies (r1) consists of smaller craters
on the order of tens of meters in diameter down to the limit of resolution (Figure 11e).
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The larger secondaries (D ~ 20–150 m), as seen in the MOC image, have darker interiors
and overlapping ejecta blankets (Figure 11f) consisting of an inner darker facies and an
outer lighter facies. The two-facies secondary craters can only be clearly distinguished
when they are isolated from a ray-chain (Figure 11g) or in less densely clustered regions
of any given ray. These secondaries are identical to the craters reported and described by
Grier and Hartmann [2000], and discussed by McEwen et al. [2005] and Preblich et al.
[2005] as Zunil secondaries. These larger secondary craters (in MOC) correlate with the
higher-TI r2 facies (in THEMIS). They appear to excavate coarser, rocky material,
whereas the smaller secondaries of the lower-TI r1 facies may have failed to penetrate the
dust cover and regolith and thereby redistribute the dust and fine-grained debris into what
we observe as a lower-TI ray.
Normally, distinguishing fresh secondaries from older secondaries and primary
craters can be a difficult and time-consuming task on any planetary body. However, the
fresh secondaries that correlate 1:1 with the thermally distinct rays of the five definitive
rayed craters are easily distinguished in MOC images by their intact one to two-facies
ejecta (see Figures 12 and 13) [this study; McEwen et al., 2005, Figures 2 and 3; Preblich
et al., 2005]. Because of these similarities between the secondaries from all the Martian
rayed crater examples, we have come to acknowledge all small fresh-appearing craters
bearing the distinctive one to two-facies ejecta, and lying within a reasonable radial
distance of the primary, as secondary craters associated with these rayed crater systems.
A NA-MOC image of Zunil's rays shows that Gratteri's secondaries are similar to
Zunil's (Figure 13). However, this particular example from Zunil has secondaries that are
generally smaller (tens of meters in diameter) and more widely spaced than Gratteri's
(Figure 11f). This may be a consequence of the sampling distance from the primary
cavity as the NA-MOC image overlies a Zunil-ray at a distance of ~400 km from the
crater rim, whereas the NA-MOC presented above for Gratteri's rays lies ~135 km from
the crater rim. However, the smaller diameters and spacing of Zunil's secondaries in this
image are consistent with the previous THEMIS observation that r2 (i.e., warm, fresh
secondaries) is less apparent within Zunil's rays. Zumba's also exhibits a less apparent r2
signature, which is also likely to be due to the size of its secondaries and their spacing
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with respect to one another. The lack of the r2 facies in Tomini and Dilly's rays is
puzzling, but may be the result of inadequate resolution (i.e., 100 m/pixel), inadequate
thermophysical contrast, or due to degradation over time.
3.4.

Detailed Observations From THEMIS VIS and MOC
Thermophysical properties play the most important role in what we observe in

THEMIS nTIR images. However, it is difficult, if not impossible, to properly assess the
superposition relationships for these craters using THEMIS TIR images alone. One of the
major difficulties with THEMIS nTIR-derived brightness temperature images arises from
the diurnal thermal skin-depth of the Martian surface layer, which is on the order of
several centimeters [Kieffer et al., 1977]. In other words, TIR instrumentation can sense
features just below the surface and down to the maximum skin depth, which varies with
respect to both particle size and compaction of the material. Of all the rayed craters
discovered so far, Gratteri is the largest of the rayed crater systems that has the strongest
thermal contrast and with the most clearly recognizable thermophysical facies observable
in THEMIS nTIR images. However, it should be noted that the absence of a particular
thermophysical facies does not imply that a particular rayed crater is less fresh than
another. Rather, missing facies may be related to differences in the properties of surface
and subsurface lithologies in which the crater occurs. Therefore it is important to observe
these craters in multiple data sets to make a case on their relative ages. We emphasize
here that Gratteri simply possesses the most clearly discernable thermal contrast with
respect to its surroundings, and is not necessarily the freshest of all Martian rayed craters
discovered thus far.
By using visible images from THEMIS and MOC in conjunction with THEMIS
TIR images, a proper assessment of the thermophysical facies and their superposition
relationships were made. Tomini and Gratteri craters offer two examples of how
THEMIS nTIR images can skew interpretations of superposition relationships. What
appear to be superimposed craters on the fluidized ejecta of these craters in the THEMIS
nTIR images are actually older, preexisting craters. This conclusion is based on careful
examinations of 18-m THEMIS VIS images of Tomini and Gratteri (Figure 14). As can
be seen in Figure 14c and 14e, the fluidized ejecta blankets of both Tomini and Gratteri
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embay and divert around preexisting craters. Similar ejecta interactions with preexisting
surface features have been previously reported by Carr et al. [1977], and most recently
for double-layer ejecta craters viewed in THEMIS VIS images from around the globe
[Mouginis-Mark and Boyce, 2005].
Figure 15 shows the exquisite morphologic details and excellent state of
preservation of Zumba crater. The absence of overprinting impact craters >10 m
diameter, fresh-appearing exposures of bedrock in the wall, minimal infilling, wellpreserved crater rim and the profile of an inverted truncated cone all suggest that the
crater is relatively young. Similar characteristics can be ascertained in THEMIS VIS
images of Tomini and Gratteri with the most important observation being the paucity of
impact craters superimposing on the fluidized ejecta blanket and primary cavities of these
craters (Figure 14).
The fresh bedrock exposed within the uppermost, steepest portion of all these
crater walls (Figures 14b, 14e, and 15) is yet another clue attesting to the freshness of
these craters. Older craters in the same image as Tomini and Gratteri have walls that are
eroded and may have become dust covered over time. THEMIS nTIR mosaics of all
rayed craters presented here indicate that facies c1 (Table 1) may be related to the
occurrence of fresh crater walls. The occurrence of what appears to be fresh bedrock
outcropping within steep crater walls has consistently been observed as a distinct
relatively warm “ring” in THEMIS nTIR images, whereas older craters possessing a less
pronounced warm “ring” have been observed in visible images to have eroded and dustcovered walls. Similar observations for fresh and degraded craters have been made
during a global crater survey study using THEMIS nTIR images by Tornabene [2003].
Koeppen et al. [2003] also mentions the same correlation between prominent THEMIS
nighttime IR rims with fresh, steep-walled craters in Meridiani Planum. With all the
definitive rayed craters possessing c1, we submit that this is additional supporting
evidence corroborating the young ages of these craters. Therefore crater walls with
relatively high brightness temperatures in THEMIS nTIR images can be at least used as a
first-order approximation for crater freshness; however, we note that mass wasting could
account for newly exposed wall rock in older craters, so with additional information, such
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as crater morphometry (i.e., sharpness of features), whether the crater possesses intact
ejecta and has little to no superimposed craters, one could substantiate that a warmwalled crater is indeed a relatively recent or young impact crater.
McEwen et al. [2005] proposed that the rayed crater Zunil could be one of the
youngest craters of its size class, based on three observations: (1) the secondaries
associated with Zunil have a fresh appearance, bearing sharp, circular and noncircular
rims, and have either one or two intact ejecta facies, (2) the ejecta around these
secondaries consist of fine-grained materials that have not been significantly modified by
aeolian activity, and (3) the Zunil primary source crater and continuous ejecta appears to
be pristine with no superimposed craters in THEMIS VIS or MOC images. These
observations are a significant testament to the relative freshness of the secondaries and
their primary source crater. Our observations of newly identified rayed crater systems are
consistent with these observations. Therefore Martian rayed craters as a class may
represent some of the youngest craters occurring on the Martian surface, which is
consistent with rayed crater systems on other bodies (see review by Hawke et al. [2004]).
Further, it is reasonable to surmise that Martian rayed crater systems must be especially
young. With ongoing and persistent aeolian activity on Mars, the thin, tenuous secondary
crater ejecta and ray deposits are not likely to survive as a surface expression for
extended periods of time.
3.5.

Observations Suggesting an Oblique Impact Origin for Rayed Craters
Gratteri, Tomini, and Zumba have wedge-shaped areas of relatively higher TI

values with respect to the outer lower TI ejecta blanket (e3) (Figure 9). We interpret these
to be forbidden zones. A forbidden zone is a wedge-shaped area devoid of ejecta,
typically occurring uprange from the travel direction of an oblique impactor trajectory
[Gault and Wedekind, 1978]. The possible presence of ejecta blanket forbidden zones is
the first line of evidence suggesting that Gratteri, Tomini and Zumba may have formed as
from an oblique impactor trajectory.
In addition to the presence of a forbidden zones in the ejecta blanket, asymmetries
in the shapes of crater cavities, ejecta blankets, and ray patterns can also indicate that an
oblique impact origin [Gault and Wedekind, 1978; Schultz and Lutz-Garihan, 1982;
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Gault and Schultz, 1986; Schultz, 1992; Pierazzo and Melosh, 2000; Herrick and
Forsberg-Taylor, 2003] is probable for all definitive rayed craters presented in this paper.
Dilly's crater cavity is ellipsoidal, and it possesses a distinctive “butterfly”-shaped ejecta
blanket (Figure 3). These observations constrain the impact angle to less than 15° [Gault
and Wedekind, 1978; Schultz and Lutz-Garihan, 1982; Schultz, 1992; Pierazzo and
Melosh, 2000]. Two of Zumba's longest rays occur on opposing sides of its ejecta blanket
(Figure 3). The asymmetry of the ray pattern suggests an impact angle smaller than 60°,
but probably greater than 15° given its underdeveloped butterfly ejecta pattern. Tomini
crater has its longest ray at the opposite azimuth to the proposed forbidden zone observed
in the 20 ppd TES-derived TI map (Figure 9b). This suggests that it may have originated
from an oblique impact also. Gratteri crater appears to lacks long rays to the south and
north of the crater (Figure 6) indicating that it, as well, may be the result of a moderately
oblique impact. McEwen et al. [2005] noticed that Zunil's secondary craters extend in all
directions from the primary crater, but become more difficult to detect to the northeast
and east. Nevertheless, the rays are clearly asymmetric, with one ray extending 1600 km
to the west-southwest [see McEwen et al., 2005, Figure 1] while another ray extends no
more than 470 km to the east.
Overall, our observations suggest that four of the five definitive rayed craters
appear to be the result of moderately oblique impact events, with the fifth (Dilly) being
the result of a highly (<15°) oblique impact. The significance of an oblique impact origin
for these large rayed craters will be detailed in the following sections.

4.

Ray Formation
Crater rays have been observed to consist of both primary and secondary ejecta on

the Moon [Shoemaker, 1966; Trask and Rowan, 1967; Shoemaker et al., 1969; Oberbeck,
1975; Schultz, 1976; Pieters et al., 1985; Schultz and Gault, 1985; McEwen et al., 1997;
Grier et al., 2001; Hawke et al., 2004]. In the lunar case, bright rays were proposed to
consist predominantly of fragmental material ejected by secondary craters [Oberbeck,
1971, 1975; Oberbeck et al., 1975]. However, experiments by Schultz and Gault [1985]
indicated that surface deposition of primary ejecta increases downrange from secondary
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craters due to the lower velocities and weaker nature of the debris suggesting that primary
ejecta could contribute to the brightness of rays. Their results were supported by the work
of Pieters et al. [1985] on the Copernican ray system. They demonstrated that
Copernican rays consisted of intimately mixed mare basalt with an admixture of
highlands anorthosite, which could keep them bright over geologic time. Hawke et al.
[2004] built further on their observation by demonstrating that other rayed craters on the
moon are “compositionally” bright like the Copernican ray system. Both recent and
ongoing work [McEwen et al., 1997; Grier et al., 2001; Hawke et al., 2004] have
concluded that there are essentially two types of lunar rays: (1) immature rays that are
bright because of immature soils and (2) mature compositional rays that are bright
because of compositional contrasts, usually highlands materials from the source crater
deposited over darker maria. The mature rays may be quite old, up to 3 Ga or more
[McEwen et al., 1997]. Some rays may be a combination of the two classes. “Immature”
rays are bright because the secondary craters that make up the rays exposed immature
rocks or soil (light) that over time matures and becomes darker. Compositional rays are
composed of a mixture of highlands and mare materials, which remain brighter than a
mature mare background after the rays have reached optical maturity. In the review of
Hawke et al. [2004], they surmise that the numerous, densely confined arrays of
secondary impact craters and their overlapping ejecta blankets, or debris surges, form the
rays we see on the Moon today. Below, we suggest a formation mechanism similar to the
one summarized by Hawke et al. [2004] with secondary cratering playing a crucial role in
the formation of Martian rays.
4.1.

Ray Formation Hypothesis for Mars
We contend that high-velocity ejecta traveling at less than Martian escape

velocity (5 km/s), at very low ejection angles or decelerated to less than 5 km/s, are
capable of forming the thermophysical rays observed in THEMIS IR data. These ejecta
materials impact the surface radial to subradial from the source crater, forming long
arrays of secondaries along with secondary ejecta materials. In our model, r2 appears to
represent the larger secondary craters that ejected rocky, lower-albedo debris (Figure
11f), whereas smaller secondaries ejecting finer-grained materials make up facies r1
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(Figure 11e). These coarser-grained materials excavated by the larger secondary
population are responsible for the relatively warmer appearance of r2 in the THEMIS
nTIR images.
The existence or absence of primary ejecta in Martian rays cannot be determined
at this time. Compositional information from 100-m THEMIS daytime IR appears to be
insufficient to delineate the subtle compositional variation that may or may not exist in a
crater ray. The VNIR and IR data collected by the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) [Murchie et al., 2003] onboard the Mars
Reconnaissance Orbiter (MRO) with a 15–19-m per pixel resolution may possibly answer
the question of primary ejecta within rays.
4.2.

Do Martian Rayed Craters Require Specific Conditions to Form?
As noted earlier, Martian rayed crater features are best discerned in THEMIS TIR

when they occur superimposed on regions of moderate or intermediate albedo, TI and
DCI, which was defined as thermophysical Unit C by Mellon et al. [2000]. These
observations strongly suggest that the physical properties and material strength of the
lithologies of which thermophysical Unit C consist are necessary to either detect (i.e.,
sufficient contrast with background), or possibly generate, a strong thermophysical
signature for Martian rayed craters. The nature of Unit C has been interpreted to be
indurated dust (i.e., a duracrust) based on its thermophysical properties [Mellon et al.,
2000; Putzig et al., 2005] and the physical properties inferred from photogeologic
interpretations of the regions contained within Unit C [Arvidson et al., 1989; Christensen
and Moore, 1992; Merenyi et al., 1996; Presley and Arvidson, 1988].
A highly competent layered subsurface is likely required to generate numerous,
larger, and high-velocity blocks [e.g., Gault et al., 1968] fated to form “random” or rayforming secondaries. The fact that most rayed craters lie within Amazonian-age and
upper Hesperian-age volcanic plains may not be a coincidence. The high competence of
successive volcanic lava flows bearing minimal impact damage would provide a
surface/subsurface that could increase the number of distant secondaries produced. On
the basis of observations and modeling the secondary field of Zunil [McEwen et al.,
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2005], it is apparent that these Martian rayed craters produce numerous (as many as 107)
secondary craters both within and outside of the chains of which rays consist.

5.

Rayed Craters as Possible Source Craters for the Martian Meteorites
Rays are a physical manifestation of the high-velocity ejecta. The numerous and

fresh secondaries around Zunil and the other rayed crater systems hundreds of kilometers
from their source (Table 1) dictate that these craters generate a significant volume of
high-velocity ejecta. Ahrens and O'Keefe [1978] demonstrated that a small fraction of the
high-velocity component theoretically consists of lightly shocked materials. This small
fraction of lightly shocked high-velocity ejecta has been argued to arise due to a process
called spallation [Melosh, 1984, 1985], which arises from the interaction of stress and the
rarefaction wave near the free surface. It is likely that some of the unmelted and relatively
low-shock projectiles would have velocities lower than Martian escape (~5 km/s) and
therefore would re-impact the surface to form either a random secondary or a ray-forming
secondary. However, fragments traveling in excess of 5 km/s large enough to avoid
significant atmospheric deceleration could escape from Mars and potentially become
Earth-bound Martian meteorites.
Numerous studies of cratering dynamics have modeled the impact configuration
and angle necessary to eject Martian materials [Nyquist, 1982, 1983; Melosh, 1984, 1985;
O'Keefe and Ahrens, 1986; Vickery and Melosh, 1987; Warren, 1994; Gladman et al.,
1996; Head et al., 2002; Artemieva and Ivanov, 2004; Fritz et al., 2005]. In the next few
sections, we will look in to two of the most recent models [i.e., Head et al., 2002;
Artemieva and Ivanov, 2004] to ascertain if there are any similarities between the
requirements of these meteorite launch models with observations and inferences based on
Martian rayed craters.
5.1.

Diameters of Plausible Source Craters for Martian Meteorite Ejection
The apparent diameters of the primary cavities of most Martian rayed craters are

consistent with the minimum requirements for crater diameter from recent Martian
meteorite delivery models [Artemieva and Ivanov, 2004; Head et al., 2002]. Earlier
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studies required larger crater diameters (i.e., tens to hundreds of kilometers) to generate
ejecta of sufficient size and velocity to account for these meteorites [Vickery and Melosh,
1987]. However, the frequency of such large impacts is inconsistent with estimated
ejection ages by several orders of magnitude [Head et al., 2002]. The model of Head et
al. [2002] indicates that the minimum diameter required is only ~3 km. However, this
model does not account for oblique impacts or atmospheric effects. Because oblique
impacts produce a substantially larger volume of high-velocity ejecta [Artemieva and
Pierazzo, 2003; Artemieva and Ivanov, 2004], one would expect that the minimum crater
diameter required to launch surface materials to Martian escape velocity via an oblique
impact may be even smaller. Atmospheric drag has the opposite effect. The models of
Artemieva and Ivanov [2004], which account for oblique impacts and atmospheric drag,
indicate a minimum of ~2.7 km final diameter is required for sample ejection. However,
their model does not account for the presence of a significant regolith layer, which would
effectively increase the diameter requirements for crater that would enable ejecta to
escape Mars. Despite differences between these models, it appears that diameters of ~3
km are reasonable, especially considering that rayed craters appear to have preferentially
formed in Amazonian and upper Hesperian-age surfaces, which are likely to possess a
negligible or thin regolith layer [McEwen et al., 2005].
With the exception of Dilly, and one of the smallest probable rayed craters (Da ~
1.5 km), the Martian rayed craters appear to have appropriate sizes to have launched
Martian meteorites. Although Dilly has an apparent diameter close to the lower limit
(~2.2 km), it possesses a distinctive butterfly pattern [Gault and Wedekind, 1978; Schultz
and Lutz-Garihan, 1982] indicating a very low angle (<15°) impact origin. As we will
see in the next section, the proposed <15° impact angle makes Dilly an unlikely candidate
source crater.
5.2.

Enhanced Spallation
Oblique impacts have been suggested to be responsible for ejection of samples

from Mars by a ricochet effect [Nyquist, 1982, 1983; O'Keefe and Ahrens, 1986] or by
effectively increasing high-velocity eject and spallation volumes [Artemieva and Ivanov,
2004]. In addition to spallation, oblique impacts also provide lower peak shock pressures
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for the preservation of solid ejecta [Pierazzo and Melosh, 2000], which is consistent with
the moderate peak shock pressures estimated for Martian meteorites (reviewed by
Nyquist et al. [2001]). Artemieva and Ivanov [2004] demonstrated that the ratio of the
volume of spalled ejecta to the projectile volume increases with respect to a specific
range for oblique impact angles but also with respect to volatile content in the target
materials. As suggested in section 5.1, all the rayed craters identified here appear to be
the result of oblique impacts with most resulting from what appear to be moderately
oblique impact angles. Even though 50% of all craters are the result of oblique impacts
<45° [Shoemaker, 1962; Herrick and Forsberg-Taylor, 2003], we suggest that a
moderately oblique impact into a highly competent surface/subsurface may be crucial to
the formation of numerous secondaries and long-distance traversing prominent crater rays
on Mars.
Artemieva and Ivanov [2004] modeled oblique impacts using an equation of state
(EOS) for a dry target (Granite) and a wet target (80% Granite EOS and 20% Ice EOS)
with modeled impactors for both asteroids (Granite EOS) and comets (Ice EOS) traveling
at 10 and 35 km/s, respectively [Artemieva and Ivanov, 2004]. These velocities are
typical for Martian-bound projectiles [Steel, 1998] with the majority of bolides being
asteroids and at the lower end of the velocity range. The results of these models indicate
that spallation volume, with respect to the projectile volume, dramatically increases for
both targets within an impact incidence angle between 15° and 60° with the optimal
angles being 30°–45°. Angles outside of this range (i.e., higher than 45 and lower than
30) [see Artemieva and Ivanov, 2004, Table 1] generate spallation volumes 1 to 2 orders
of magnitude lower than the volumes produced by 30–45 impact angles.
In addition to enhancements from specific impact geometries, spallation volumes
may be increased by as much as 10% by the presence of subsurface volatiles. This was
demonstrated by the wet target simulation of Artemieva and Ivanov [2004], which
indicates that subsurface volatiles may also play a role in the formation of rays and
ejection of Martian meteorites. Putative physical evidence for subsurface volatiles in the
target rocks in which rayed craters formed can be observed in the form of fluidized ejecta
blankets around their primary cavities or around larger impact craters in the vicinity of
175

their primaries [Tornabene, 2005]. Fluidized ejecta blankets have been hypothesized to
indicate the presence of subsurface volatiles, usually in the form of water-ice [Carr et al.,
1977; Gault and Greeley, 1978; Wohletz and Sheridan, 1983; Mouginis-Mark, 1981;
Barlow and Perez, 2003]. However, Schultz and colleagues [Schultz and Gault, 1979;
Schultz, 1992; Barnouin-Jha and Schultz, 1998] maintain that atmospheric interactions
can account for this lobateness or “wet” appearance of ejecta. If the subsurface volatile
hypothesis is correct, then the presence of fluidized ejecta blankets with respect to the
Martian rayed craters has significant implications for the spallation volumes generated by
these craters and thereby the ejection of Martian meteorites [Artemieva and Ivanov,
2004]. Zunil is an interesting example to consider with respect to both of these
hypotheses because only ejecta on one side of the crater is lobate. This is more likely due
to nonuniform distribution of subsurface volatiles as we presume that the atmosphere,
especially at local scales, was relatively uniform at the time of Zunil's formation.
Three of the five definitive Martian rayed craters exhibit distinctive single to
multilobate fluidized ejecta blankets (Figure 14); the partially fluidized ejecta blanket of
Zunil is discussed and shown in Figure 8c in McEwen et al. [2005]. The lack of a
fluidized ejecta blanket around the smaller rayed crater systems does not necessarily
preclude a possible role for volatiles during their formation. The two remaining definitive
rayed craters (Zumba and Dilly), and the three probable rayed craters, all occur within
geologic units that possess abundant craters with greater diameters that possess fluidized
ejecta blankets [Tornabene, 2005]. This suggests that volatiles may have been present in
the target rocks. Zumba and Dilly may not have excavated deep enough to tap a possible
higher volatile concentrations necessary to generate the distinctive fluidized ejecta
blanket but they may have tapped sufficient subsurface volatiles to increase their
spallation volumes.
5.3.

Estimates of Martian Rayed Crater Ejecta Velocity: Is Escape of Fragments

Possible?
Using a simple ballistic ejection equation, ejection velocities for the five
definitive rayed craters were estimated to see if they approach Martian escape velocity (5
km/s). These estimates were only adequate for fragments larger than 10 cm diameter
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[Artemieva and Ivanov, 2004], as smaller fragments are significantly decelerated by the
Martian atmosphere. We assumed that ejection angles were no lower than 30°, based on
the study of Anderson et al. [2003] and the idea that most of the rayed craters presented
here appear to be the result of moderately oblique impacts.
Table 3 shows the short-range and long-range velocities of ejecta with assumed
ejection angles ranging from 30° to 45° as a function of the maximum measured ray
lengths. These values do not represent the maximum velocity of ejecta, as large
fragments exceeding 5 km/s would not leave any trace on the Martian surface. Most of
the ray length estimates (i.e., Tomini, Gratteri, Zumba, and Dilly) are derived from the
maximum lengths of rays in TIR images. The moderate spatial resolution (100 m/pixel)
and signal-to-noise limits of the THEMIS instrument may cause ray length measurements
to be underestimated. The distinct, distant secondaries seen in the higher-spatial
resolution MOC images in the vicinity of Zunil [McEwen et al., 2005; Preblich et al.,
2005] yield a derived ballistic velocity with 45° ejection angles that is more than half the
velocity necessary for escape (5 km/s). Both random and ray-forming secondaries are not
likely to represent the fate of the entire population of high-velocity ejecta materials, so it
is conceivable that speeds greater than this are possible for some ejecta fragments.
Considering that the velocities shown in Table 3 are on the order of a few kilometers per
second, it seems likely that some fragments generated from these rayed craters could
have achieved Martian escape velocity.
5.4.

Ejection Ages and Crystallization Ages of Martian Meteorites Versus

Inferred Formation Ages and Terrain Ages of Rayed Craters
Ejection ages for the Martian meteorites estimated from cosmic ray exposure
range from 0.7 to 20 Myr [Nyquist et al., 2001]. From a morphological and weathering
standpoint, Martian rayed craters could easily be 20 Myr or younger. Martian rays are
presumably much younger than ages inferred for lunar rays (~109–1300 Myr [Wilhelms
et al., 1987; McEwen et al., 1997; Ryder et al., 1991; Grier et al., 2001]), because of
faster weathering rates and active aeolian processes on Mars. Estimates of Zunil's age
suggest that it may be ~5 Myr or younger [McEwen et al., 2005]. The other four
definitive Martian rayed craters possess very similar morphological traits to Zunil and
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consequently may be comparably young. In addition, this set of five definitive rayed
craters have a size-frequency distribution consistent with primary crater production
expected over the past ~1 Myr on Mars, according to all published production functions,
with uncertainties of about a factor of 2 or perhaps as much as 4 [Strom et al., 1992;
Hartmann et al., 1999; Hartmann and Neukum, 2001; Hartmann, 2005]. Because we can
only detect rays on ~20% of the Martian surface with the appropriate thermophysical
properties (i.e., Unit C defined by Mellon et al. [2000]), these craters are consistent with
the most recent large craters in Unit C over the past ~5 Ma, and probably somewhere
between 1 and 20 Ma.
Except for ALH84001, Martian meteorites have Amazonian crystallization ages
ranging from 175 Myr to 1.3 Gyr [see review by Nyquist et al., 2001]. These young
crystallization ages have been used to suggest that source craters may occur in either the
young volcanic plains of Tharsis or from Elysium Planitia [McSween, 2002]. Clearly the
Martian meteorites are biased in age, which also implies that their sources are
geographically biased. Martian rayed craters are predominantly observed within
Amazonian-aged surfaces within Elysium Planitia (Figure 2). We hypothesize that most
Martian meteorites may be derived from rayed craters in Elysium Planitia, but we do not
rule out the Tharsis region as a launch site. The issue with detecting thermophysical rays
in Tharsis is that the Tharsis region is dominated by a thick dust cover with a very low
background TI (~40–80 J m−2 s−1/2 K−1) [Mellon et al., 2000]. This makes it difficult if
not impossible to detect the typical low-TI ray signature against the predominantly lowTI background. Other dust-covered regions and polar regions are also excluded as
thermophysical rays cannot be detected in these areas using TIR data sets.
Bearing in mind the considerable uncertainty for ages derived by crater
chronology for Martian terrains [Strom et al., 1992; Hartmann, 1999, 2005; Hartmann
and Neukum, 2001], the inferred terrain ages for each Martian rayed crater (i.e., ages of
the geologic units in which the rayed crater occurs as mapped by Scott and Tanaka
[1986] and Greeley and Guest [1987]) can be approximately matched with the
crystallization age groupings of the Martian meteorites.
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Zunil occurs within the youngest terrain (Late Amazonian) [McEwen et al., 2005],
making it a possible source crater for ether the S1 or S2 groups [Nyquist et al., 2001]. S1
includes basaltic shergottites and lherzolitic shergottites with crystallization ages of ~175
Myr, and S2 includes basaltic shergottites with crystallization ages of ~330–475 Myr.
These are plausible emplacement ages for the Cerberus Plains lavas [Plescia, 1993],
although the youngest lava flows on the surface embay large impact craters and could be
much younger [Hartmann and Berman, 2000].
Tomini and the probable rayed crater Tomini B occur within a Late Hesperian-age
terrain, but close to the boundary between the Hesperian unit and an Early Amazonian
unit, while Zumba and Gratteri occur within Late Hesperian and Noachian-age terrains,
respectively. Because of the uncertainties for Mars crater chronology, we cannot rule out
Tomini and Tomini B as possible sources for the older S2 shergottites, especially
considering their positions near a contact between Hesperian and Amazonian units.
Bearing in mind an uncertainty of 2–4 with respect to crater chronology [Strom et al.,
1992; Hartmann et al., 1999; Hartmann and Neukum, 2001; Hartmann, 2005], Zumba
could potentially be a source crater for the nakhlites and chassignites, which are ~1.3 Gyr
old [Nyquist et al., 2001]. Gratter is a special case, as it is the only rayed crater that
occurs within a predominantly Noachian-age terrain. It occurs in the vicinity of
Memnonia Fossae within the Noachian-age plateau sequence as mapped by Scott and
Tanaka [1986] and thereby may be a source crater for the orthopyroxenite ALH84001.
Even if the ancient terrain age for this region turned out to be younger, this would not
necessarily preclude Gratteri as a potential source crater for ALH84001. The source
crater for ALH84001 does not have to occur in a Noachian-aged surface. The oldest
rocks on Mars could hypothetically be exposed at or near the surface by older and larger
impact structures and then subsequently sampled by multiple impact events over geologic
time. For example, an older large crater in a Hesperian terrain could sample ~4.5 Gyr old
crust within its central uplift that could then be sampled and ejected off of Mars by a
subsequent impact. The complex shock history of ALH84001 [Treiman, 1998] permits
multiple impact events and is consistent with this hypothesis.
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5.5.

Remaining Questions Regarding Martian Rayed Craters and Their

Connection to Martian Meteorites
Do Martian rayed craters require specific conditions to form? Moreover, does the
gravitational field and atmospheric drag on Mars restrict rayed craters to specific target
conditions? In the case of lunar rayed craters, they do not appear to be restricted to highly
competent surfaces, as Martian rayed craters appear to be. For example, Tycho crater
occurs in the lunar highlands where a thick damaged layer is expected to suppress highvelocity ejecta and spallation, yet it produced at least 106 secondary craters and possesses
the brightest and most extensive rays on the lunar surface [Dundas and McEwen, 2005].
If the Moon's lack of an atmosphere and weaker gravitational field allow rayed craters to
form in weak and damaged layers (i.e., older impact gardened, and regolith-rich terrains),
then perhaps the stronger gravitational field and atmospheric drag on Mars may restrict
rayed craters to the youngest and most regolith-free surfaces. Although, there is the one
example Gratteri, which has the best contrasted rays on Mars and occurs within a
predominantly Noachian-aged terrain. The lack of Martian meteorite breccias provides
another possible clue. If rayed craters, both lunar and Martian, account for meteorites
from their perspective bodies then the lack of unambiguous Martian meteorite breccias
with respect to the lunar meteorite collection, which contains over 85% breccias
(estimated
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counting
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meteorites

as

a

single

sample:
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T.

McCoy,

personal

communication, 2004), supports that idea that Martian rayed craters may be restricted to
specific target conditions.
In order to truly solve these puzzling questions, it may be necessary to conduct
and compare models that specifically address ray formation under both lunar and Martian
conditions. These new models should further explore the effects of target strength and
gravity, and the role of the Martian atmosphere. Perhaps the observations presented here,
or future observations of Martian rayed craters, would be beneficial toward determining
some of the parameters for these future models.
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6.

Summary and Conclusions
Before THEMIS mapped the Martian surface in the thermal infrared, large rayed

crater systems went mostly unrecognized on Mars. Martian crater rays lack a strong
albedo contrast with respect to the surface, typically a visible wavelength phenomenon
characteristic of other crater rays. Martian rays are better recognized on the basis of their
thermophysical contrast with respect to the surface they superimpose. Historically, the
majority of previous observations of the Martian surface collected at a moderate- to highresolution scale were taken within the visible and near-infrared wavelength regions, while
all pre-2001 thermal infrared observations simply lacked reasonable resolution scales (≥3
km per pixel). As a consequence, thermally contrasted crater rays could not have been
discerned unambiguously until THEMIS achieved a partial-global coverage of the
Martian surface.
The discovery of Zunil [McEwen et al., 2003, 2005], and the four additional large
rayed crater systems, which bear observable rays stretching hundreds of kilometers and
non-ray-forming secondaries being identified possibly as far as thousands of kilometers
from their source, support the conclusions of Schultz and Singer [1980]. Their presence
on Mars empirically states that the neither the Martian atmosphere nor the environment
were at all inimical to the formation and preservation of large rayed crater systems.
Significant observations in both thermal infrared and visible data sets indicate that
these craters: (1) Appear to form preferentially within young volcanic plains, commonly
within or near Elysium Planitia; (2) Are observed preferentially in thermophysical Unit
C, defined by Mellon et al. [2000]; (3) Form in a similar fashion as lunar rayed craters:
the rays consist of numerous chains of secondaries, their overlapping ejecta and possibly
primary ejecta from the source crater; (4) Possess physical evidence for high-velocity
ejecta in the form of distant rays of secondary craters, of which a small fraction of
random and ray-forming secondaries may have been generated by spallation as described
by Melosh [1984, 1985]; (5) Range from 1.5 to 10.1 km in apparent diameter; (6) Are
likely formed by moderately oblique impacts (>15° and <60°); (7) May have formed
preferentially in volatile-rich targets; and (8) Are among the freshest craters of their size
class (possibly on the order of ~5 Myr old [McEwen et al., 2005]).
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Many of the observations and inferences listed above are consistent with recent
Martian meteorite delivery models by Head et al. [2001] and Artemieva and Ivanov
[2004], and the properties of the Martian meteorites themselves (i.e., they are derived
from basaltic igneous units with young crystallization ages, and were sampled by recent
impact ejection events). From the models of Artemieva and Ivanov [2004], we see that
oblique impacts into volatile-rich surfaces may account for increased spallation volumes
and increased ray-forming secondary production, suggesting that these craters are
attractive candidate source craters for the Martian meteorites. In addition, most rayed
craters fall within the appropriate size range estimated from these models (D > 3 km,
although only craters approaching 10 km may be likely to eject sufficient rocks for many
of them to reach Earth). Also, the observed geographic preference suggests that Martian
rayed craters form in terrains with specific properties: (1) well-indurated (igneous rocks),
(2) mostly young ages (Amazonian), and (3) high material strength/competence (i.e.,
negligible regolith). Therefore we suggest that rayed craters within Elysium are possible
sources for the shergottites and that the two remaining rayed craters outside of Elysium
(i.e., Zumba and Gratteri) are possible sources for nakhlites plus chassignites and
ALH84001.
We caution that other rayed craters may be present elsewhere on Mars in regions
with surface properties that could make them difficult to detect with THEMIS. Areas like
the dust-mantled Tharsis province would yield a poor contrast between rays and the
surrounding terrain. Also, areas poleward of 45° have not been thoroughly surveyed due
to the difficulty with signal to noise due to smaller variations in diurnal temperature. The
results of this study indicate that Elysium best preserves TIR-detectable evidence of
rayed craters. In addition to appropriate surface ages and composition, the Elysium region
may be the best candidate source region for Martian meteorites to date.
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Table 1: Martian rayed crater characteristics in THEMIS nTIR-derived brightness
temperature images
Name

Lat, Lon

Da (km)

Rays lengthc
in km
in radii

Zunil

7.7N, 166Ea

10.1a

927

183.5

b

668

180.5

Tomini

16.27N, 125.9E

7.4

Gratteri

17.7S, 199.9E

6.9b

595

172.5

Zumba

28.65S, 226.9E

3.3c

240

145.5

Dilly

13.27N, 157.23E

2.0c

50

50

Tomini B

14.9ºN, 123.25ºE

4.2c

Crater A
Crater B

18.1ºN, 155.5ºE
15.5ºN, 159.2ºE

220

105

5.7

b

86

30

1.5

c

42

56

a

From McEwen et al. [2005]

b

Mars Crater Database [Barlow et al., 2000] confirmed with MOLA DEM

c

MOLA DEM only; italicized craters are probable rayed craters
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Table 2: Martian Rayed Crater Thermophysical Facies
Rayed craters
Facies name
Relative T(K)a Relative TIb
Zunil Tomini Gratteri Zumba Dilly
Facies interpretation
Ray facies 1
1
lower
X
X
X
X
X
colder, relatively fine-grained ray exterior
Ray facies 2
5
higher
X
X
X
warmer, relatively coarse-grained ray
interior
Ejecta facies 1 2
lower
X
X
X
X
relatively fine-grained discontinuous ejecta
Ejecta facies 2 6
higher
X
X
X
X
X
relatively coarse-grained discontinuous
ejecta
Ejecta facies 3 4
lower
X
X
X
relatively fine-grained continuous ejecta
Crater facies 1 7
higher
X
X
X
X
X
fresh bedrock exposed in crater wall
Crater facies 2 3
lower
X
X
X
X
X
intracrater fill deposits
a
Ranked from coldest to warmest with respect to the average surface T (K)
b
Ranked as higher or lower depending on brightness in THEMIS nTIR brightness temperature images with respect to the surrounding terrain
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Table 3: Short and long range ejecta velocity based on max ray distance
Name

Length (km) Ejection Angle (km sec-1)
30

35

45

3000a

4.14

3.61

2.99

1600b

3.19

2.60

2.44

Tomini

650

1.80

1.68

1.58

Gratteri

595

1.72

1.58

1.49

Zumba

240

1.09

1.01

0.95

Dilly

50

0.50

0.46

0.43

Zunil

a

Estimated from possible secondaries detected in THEMIS VIS and narrow-angle MOC images bearing

one to two facies ejecta and assumed to belong to Zunil [Preblich et al., 2005]
b

Estimated by the furthest detectable fresh and distinct ray-forming secondaries in THEMIS TIR [McEwen

et al., 2005].
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Figure 1: THEMIS Band 9 nighttime infrared images of the rayed crater Zunil (Da = 10.1
km). (a) A mosaic covering a portion of Elysium Planitia from 0.0° to 12.0°N and 160.0°
to 174.0°E. Two distinct dark rays can be discerned to the NW of Zunil (white arrows),
while faint, relatively dark rays can be just discerned in the southern portion of the
mosaic. The warmer background surface to the NW of Zunil provides more contrast with
ray materials making two rays more apparent (arrows), while the rays to the south are
superimposed on a colder surface providing little contrast with the slightly cooler rays.
Figures 1b and 1c provide a close examination of a pair of southern rays. Figure 1c has
been strongly contrast-enhanced to accentuate the brightest DN values in the subscene.
This has the effect of highlighting the “warmer” secondaries that make up the inner
portions of Zunil's rays. The white boxes in Figure 1a that are labeled “f1b-c” and “f13”
refer to close-up images featured in Figures 1b–1c and 13, respectively.
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Figure 2: MOLA shaded-relief location map for the five definitive (black circles) and three “probable” (white circles) Martian
rayed craters. Gratteri is located in the vicinity of Memnonia Fossae and Zumba lies in Daedalia Planum. The other definitive
rayed craters (i.e., Zunil, Tomini, and Dilly) and the three “probable” ones lie within or near the Elysium Planitia.
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Figure 3: A mosaic of THEMIS Band 9 nighttime thermal infrared images of Dilly (Da =
2.0 km). The mosaic covers a portion of Cerberus Planum from 12.0° to 14.5°N and
156.0° to 158.5°E. Several distinct dark rays can be discerned to the NNW and SSE
giving Dilly a very distinctive “butterfly wing” pattern. The white box labeled f12d refers
to a close-up featured in Figure 12d.
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Figure 4: Mosaics of THEMIS thermal infrared images of Zumba crater (Da = 3.3 km)
covering a portion of the Daedalia Planum from 24.5° to 32.5°S and 221.5° to 232.5°E.
(a) A THEMIS band 9 nighttime thermal infrared mosaic of Zumba exhibits, which has
formed within a thermophysically distinct (i.e., warmer) series of lava flows that
originate from Arsia Mons to the ~1300 km to northeast. (b) Unlike the other rayed
craters, Zumba's rays are unique in that they appear to be more apparent in this band 9
daytime thermal infrared mosaic as bright (warmer) streaks. The white box labeled “f15”
refers to a narrow-angle MOC that covers the primary cavity of Zumba, which is featured
in Figure 15.
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Figure 5: A mosaic of THEMIS band 9 nighttime thermal infrared images of Tomini
crater (Da = 7.4 km) in the vicinity of Haephestus Fossae and Hebrus Valles. The mosaic
covers 9.0° to 26.0°N and 117.0° to 134.0°E. Elysium Mons lies ~1250 km to the
northeast of the center of this image. Tomini's slightly elliptical primary cavity is located
near the center of the image. Tomini exhibits curved rays, which are apparent to the west
and southeast of the primary cavity. A smaller probable rayed crater, informally referred
to as Tomini B (small crater, Da = 4.2 km, at the center of the white dashed-line circle),
exhibits a faint ray signature (white arrows pointing out three possible rays). The white
boxes labeled “f7a” and “f14a” refer to close-ups featured in Figures 7a and 14a,
respectively.
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Figure 6: A mosaic of THEMIS band 9 nighttime thermal infrared images of Gratteri
crater (Da = 6.9 km) in the vicinity of Memnonia Fossae. The mosaic covers the region
from 10.0° to 25.0°S and 190.0° to 210.0°E. (a) This THEMIS band 9 nighttime thermal
infrared mosaic of Gratteri is an excellent example of the unique thermophysical
signature rayed craters possess in the nighttime thermal infrared. Rays are difficult to
discern in the region at the top right of the mosaic because, as with Zunil, the background
terrain has a relatively lower thermal inertia. White boxes labeled “f8a”, “f8c” and “f
14e” refer to close-up images in Figures 8a, 8c, and 14e. The white arrow labeled “f11”
points to two rays covered by a narrow-angle MOC image featured in Figure 11.
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Figure 7: THEMIS band 9 nighttime infrared images of “probable” rayed craters. These
craters are labeled as such because of their faint thermophysical signature that may be a
consequence of their age. (a) This close-up image of Tomini B (Da = 4.2 km) exhibits
three colder (darker) faint rays (white arrows) and a warmer (brighter) inner ejecta facies.
Figures 7b and 7c are of the larger (Da = 5.7 km) and of the smallest probable rayed
craters (Da = 1.5 km) exhibiting faint, cold rays.
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Figure 8: Thermophysical facies of Martian rayed craters as defined in band 9 THEMIS
nighttime thermal infrared images of Gratteri and compared to visible observations.
Figures 8a and 8c are THEMIS nighttime thermal infrared images that correspond to the
visible wide-angle MOC images in Figures 8b and 8d. Ray facies r1 and r2 (see text)
appear to have slight albedo contrasts in Figure 8b with r1 corresponding to a ray having
a slightly higher albedo than the surrounding plains and r2 corresponding to an area
having a nearly equivalent albedo to the surrounding plains in the MOC image. Arrows
labeled “f8c” and “f8d” indicate the direction to the locations of Figures 8c and 8d (refer
back to Figure 6 for context). The white box labeled “f11” refers to a narrow-angle MOC
image featured in Figure 11 that covers two distinct rays originating from Gratteri. Some
notable features/thermophysical facies can be compared between the infrared (Figure 8c)
and visible (Figure 8d). Facies e2 appears to correlate with an area of relatively lower
albedo with respect to the surrounding terrain, and e3 correlates with the fluidized ejecta
blanket that can be seen in the wide-angle MOC image in Figure 8d.
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Figure 9: TES-derived data sets, such as albedo, thermal inertia and dust cover index
indicate that rayed craters are preferentially detectable in thermophysical Unit C as
mapped by Mellon et al. [2000]. Unit C is defined as having (a) intermediate albedo
(0.19–0.27) and (b) intermediate thermal inertias (120–320 J m−2 s−1/2 K−1), which
correlates with (c) an intermediate dust cover index (0.94–0.96).
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Figure 10: TES-derived thermal inertia at 20 pixels per degree derived by Putzig et al.
[2005] after Mellon et al. [2000] of (a) Zumba, (b) Tomini, and (c) Gratteri rayed craters.
Thermophysical facies (e.g., r1, r2, etc; see text) are matched with the patterns seen in
this lower spatial resolution data set (~3 km/pixel). The pattern can be divided into a
somewhat concentric thermophysical zones (dashed lines) with each zone consisting of
one or more thermophysical facies seen defined in the THEMIS images. The patterns
seen here for the three examples grossly match the thermophysical patterns seen in their
nighttime THEMIS mosaics (Figures 4, 5, and 6). Proposed forbidden zones appear as
wedge-shaped zones where r1 or e1 have little contrast with the thermal signature of the
surrounding plains. Obstacles, such as craters (circles) and massifs (ovals), are outlined to
help differentiate these features from rayed crater features.
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Figure 11: Anatomy of Martian rays, example from Gratteri crater, Memnonia Fossae
region, Mars. (a) An overlay of the nighttime thermal infrared exhibiting the two rays and
an overlapping narrow-angle MOC (NA-MOC) that has been rendered and outlined in
white. (b) A close-up of the nighttime thermal infrared exhibiting an outline of a subset of
the NA-MOC image M0903593 (2.8 m/pixel) displayed in Figure 11c. The outline
indicates that both relatively low-thermal inertia Ray facies 1 (r1, darker pixels) and
relatively high thermal inertia Ray facies 2 (brighter pixels) are covered by the MOC
image. Both Figure 11c and subsequent close-ups in Figures 11e–11g show that Ray
facies 1 is consistent with finer-grained materials, or relatively higher albedo areas with
respect to the undisturbed surface (uS). These areas have the same overall shape of the
dark thermophysical facies seen in Figure 11b. A close-up of this facies in Figure 11e
reveals a nearly saturated surface of secondary craters tens of meters in diameter with
multiple overlapping ejecta blankets. This unit is also defined as the light gray r1 unit in
the schematic map provided in Figure 11d. Ray facies 2, as seen in Figure 11c, is
consistent with a lower albedo surface made up of both numerous secondary craters
ranging from 20 to 150 meters in diameter and their overlapping ejecta blankets (see
close-up in Figure 11f). This unit has been defined as the medium gray unit r2 in Figure
11d. A single secondary exhibiting the distinctive two ejecta facies first described by
Grier and Hartmann [2000] and discussed by McEwen et al. [2005] as Zunil secondaries
can be seen in Figure 11g.
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Figure 12: MOC and THEMIS visible images of rayed crater secondaries seen as distinctive one or two ejecta facies craters.
These MOC and THEMIS visible images were selected as they crossed the trajectory of the distinct rays as seen in THEMIS
nighttime thermal infrared images; therefore it is very likely that these small, fresh craters are secondaries associated with the
rays observed in the infrared. (a) A MOC image of relatively pristine Gratteri secondary exhibiting distinctive two-facies
ejecta. (b) A MOC image of Tomini secondaries. (c) A MOC image of Zumba secondaries. (d) A THEMIS visible image of
Dilly's primary and several small craters with dark crater-fill that are believed to be secondaries from Dilly or possibly from
Zunil (see location map; Figure 2).
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Figure 13: Zunil's rays as seen in a subset of a narrow-angle MOC (NA-MOC) image
S0100427 (4.68 m/pixel). (a) A THEMIS band 9 nighttime thermal infrared context
image exhibiting one of Zunil's relatively cold (dark) rays (white arrows) and the outline
of a subset of an overlapping NA-MOC image of Figure 13b. (b) NA-MOC showing a
close-up of ray-forming secondaries sourced from Zunil that exhibit dark interiors and
intact ejecta blankets. Note the correlation between the densest populations of
secondaries in Figure 13b to the ray as seen in Figure 13a. Zunil's larger secondaries
appear to be less densely clustered than Gratteri's (see Figures 10c and 10f); however, the
image of Zunil's ray was taken at a greater radial distance than the image covering
Gratteri's ray in Figure 10.
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Figure 14: High-resolution (18 m/pixel) band 3 THEMIS visible images of Tomini crater
(Da = 7.4 km) and Gratteri crater (Da = 6.9 km). (a) THEMIS image V09818024 of
Tomini crater. (b) A close-up of Tomini's pristine ejecta blanket and crater cavity. (c) A
close-up of Tomini's fluidized ejecta blanket embaying (black arrows) two preexisting
craters. Note in both images in both Figures 14b and 14c that there are no detectable
signs of ejecta blocks or overprinting craters within Tomini's ejecta blanket and cavity. A
comparison of Tomini's ejecta blanket to the two small craters shows that they have signs
of further degradation and exhibit several overprinting craters. (d) THEMIS visible image
V14248001 of Gratteri crater. (e) A close-up of Gratteri's pristine ejecta blanket and
crater cavity. Gratteri exhibits many of the same attributes that were described above.
Although some crater ejecta has filled the smaller and older crater on the bottom right,
some ejecta has also flowed around this preexisting feature (black arrows).
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Figure 15: A narrow-angle MOC image (3.3 m/pixel) that is 30° off nadir (giving the
crater a false-elliptical appearance) and a MOC wide-angle context image (~350 m/pixel;
red channel). (a) Zumba crater (Da = 3.3 km) is relatively pristine, exhibiting a well
preserved crater rim, with what may be exposed bedrock in the wall, and a relatively
uncratered floor, wall, rim, ramp, and ejecta blanket. (b) Wide-angle MOC of Zumba
exhibiting a relatively light-toned ejecta blanket surrounded by a halo of darker rays.
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General Appendix
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1.

Orbital Instrumentation

1.1.

Landsat 7 ETM+
The Enhanced Thematic Mapper + (ETM+) aboard Landsat 7 was launched into

Earth orbit on April 1999 and was gradually placed into nearly-circular polar/sunsynchronous orbit (98.2° inclination) and an altitude of ~705 km in June of the same year
[Goward et al., 2001]. The platform is day-descending, crossing the equitorial plane at
approximately 10:00 a.m. with a nominal orbital period of 99 minutes and repeatability
every 16 days. The ETM+ is a multi-spectral “whiskbroom” imager with seven bands
across visible, near-infrared, shortwave infrared and thermal infrared (see Table 2 in
chapter 2). ETM+ images have a spatial resolution of 30 m/pixel in the reflective bands
60 m/pixel in the thermal band and 15m/pixel resolution in the panchromatic band (band
8). The nominal swath-width of an ETM+ image is ~183 km.
1.2.

The Advanced Spaceborne Thermal Emission and Reflection Radiometer

(ASTER)
The Advanced Spaceborne Thermal Emission and Relection Radiometer
(ASTER) aboard the TERRA platform was launched into Earth orbit and began mapping
in December 1999 [Yamaguchi et al., 1999; Abrams, 2000; ASTER web:
http://asterweb.jpl.nasa.gov/]. The TERRA platform is in a nearly polar/sun synchronous
orbit at an altitude of ~705 km with an inclination of 98.3, a period of 98.88 minutes, and
day-descending equatorial crossing-time of ~10:30 a.m. Ground track repeatability, like
the ETM+, is every 16 days.
ASTER is a 14-band, whiskbroom-type multispectral imager with three separate
optical sub-systems for the visible and near-infrared (VNIR), shortwave infrared (SWIR),
and thermal infrared (TIR) radiometers. The ASTER spatial resolution varies amongst
the sub-systems with the number of bands divided unevenly amongst them. The VNIR
has three bands covering 0.52 to 0.86 µm with a ground resolution of 15 m/pixel, the
SWIR has six bands covering 1.600 to 2.430 µm with a 30 m/pixel resolution, and the
TIR has five bands covering 8.125 to 11.65 µm capable of a 90 m/pixel resolution (see
Table 2 in chapter 2 for the band centers for all ASTER channels). The nominal swath217

width of all subsystems is ~60 x 60 km with each wavelength image provide 100%
context for the other two.
The detectors for each VNIR band consist of 5000 element silicon charge coupled
detectors (CCD's). Both backward-looking and nadir-looking views for Band 3 provide
the required set of a target area for stereo observations. The ASTER instrument also has
stereo-capabilities in the VNIR region. The absolute radiometric accuracy of the VNIR
system is ~ 4% or better. The SWIR possesses a single detector for each of the six bands
consisting of a Platinum Silicide-Silicon (PtSi-Si) Schottky barrier linear array that is
cooled to 80K. The absolute radiometric accuracy of the SWIR system is also ~ 4% or
better. The TIR sub-system has ten Mercury-Cadmium-Telluride detectors for each of the
five TIR channels, which are cooled to 80 K. The signal-to-noise for this sub-system is
less than 0.3K for all bands with a design goal of less than 0.2K.
1.3.

The Mars Global Surveyor’s Thermal Emission Spectrometer (TES)
The TES primary mapping phase began on April 1999, after the MGS collected

aerobraking and preliminary science data from August 1997 and October 1998 [Albee et
al., 2001]. The MGS spacecraft was placed in a near-circular, near-polar orbit at about
~380 km altitude. The Thermal Emission Spectrometer (TES) consists of a Fourier
transform Michelson interferometer and along two bore-sighted bolometers, one
visible/near infrared (0.3- to 2.9-µm) and the other, thermal (5.5- to 100-µm)
[Christensen et al., 1992; 2001]. The TES spectrometer is a hyperspectral with 143 bands
that sample over a wavelength range of 1700 to 200 cm-1 (~6 to 50 µm) at a selectable
sampling interval of 10 or 5 cm-1. The instrument has three cross-track and two along
track detectors with an IFOV of ~8.5 mrad.

Normally, with proper image motion

compensation, this would produce a surface resolution of 3.15 km from the MGS
nominal orbit. Due to difficulties with a solar panel during Mars orbital insertion, the
MGS was had to be placed in a day-ascending/night-descending polar orbit (the opposite
orbital direction that was originally intended for the spacecraft). As a consequence, the
image motion compensation could not produce adequate results and was deactivated. The
result is a 5.4-km down-track smear in the field of view for each detector resulting in a
final TES spatial resolution of ~3 x 8 km. The higher spectral resolution of TES allows
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for more precise mineral and lithologic detection than the seven-point corrected surface
emissivity spectra that are obtained with THEMIS.

However, due to their similar

wavelength

hyperspectral

range

and

spatial

limitations,

TES

data

provides

complementary high spectral resolution for low spectral resolution, but high spatial
resolution (~100 m/pixel) THEMIS dataset.
1.4.

The Mars Odyssey’s Thermal Emission Imaging System (THEMIS)
The primary mapping phase for THEMIS began on January 2002 after the

completion of the Mars Odyssey aerobraking phase (~3 months) [Christensen et al.,
2004]. The mapping orbit of the Mars Odyssey is a nearly-circular polar orbit with an
altitude of ~420 km. THEMIS is a multi-spectral “whiskbroom” imager is comprised of
two cameras: one is centered over TIR wavelengths and the other is centered over the
visible/near-infrared (VNIR) part of the electromagnetic spectrum [Christensen et al.,
2004]. The VNIR camera detector consists of a 1024x1024 element silicon array with
five filters centered at 0.425, 0.540, 0.654, 0.749 and 0.860 µm with a sampling
bandwidth of ~0.05 µm. The visible imager has a 46.4 mrad cross-track by 46.1 mrad
down-track field of view (FOV) with an instantaneous field of view (IFOV) of 0.045
mrad. The infrared camera possesses a 320 x 240 element uncooled microbolometer
array with 10 thermal infrared channels possessing an average sampling bandwidth of
~1µm. The infrared imager has a 80 mrad cross-track by 60 mrad down-track FOV with
an IFOV of 0.25 mrad. Bands 1 and 2 are redundant channels centered at ~6.8 µm. The
co-addition of these two bands improves the signal-to-noise (S/N) ratio in this
wavelength region.

Band 10 is an atmospheric band centered at ~14.9 µm. The

remaining channels (i.e., 2-9) are centered at ~7.9, 8.6, 9.4, 10.2, 11.0, 11.8 and 12.6 µm.
From the nominal Mars Odyssey orbit, the instrument resolution on the ground is ~ 100
meters per pixel for the infrared camera and ~18 meters per pixel for the visible camera.
These conditions create images with a nominal swath-width of ~32 km for the TIR and
~18.4 km for the VNIR. THEMIS observations are typically acquired between a Local
Solar Time (LST) of 0300 to 0600 during the day and 1500 to 1800 at night.
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2.

A Brief Overview of Interferometry
Interferometry is a measurement of the interference phenomena (i.e., a two waves

with the same phase will amplify each other while two waves out of phase will cancel
each other out) between two or more waves, which can be utilized to improve resolving
power and signal from a an electro-magnetic (EM) source (e.g., infrared, radar, etc.).
One of the most common configurations of an interferometer is the Michelson
interferometer. This type of interferometer generates an interference pattern by splitting
an incoming beam into two paths, which in turn are bounced off of two separate mirrors
and then recombined before being received at the detector. Depending on the degree of
phase (e.g., 0.5, 1.5, 2, etc.) there are different degrees of constructive or destructive
interference which dictates the signal at the detector.
A Fourier transform spectrometer Michelson interferometer, like the TES
instrument onboard MGS, simply differs in that it possesses a fixed mirror and a movable
mirror that introduces a time-delay. The time delayed interference patterns allows the
temporal coherence of the beam to be measured for each different time delay setting. By
making measurements of the signal in this way, a spectrum can be reconstructed by
performing a Fourier transform on the temporal coherence of beam.
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